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PREFACE 


The preliminary notes upon the phenomenon of bacteriophagy, 
beginning with those published in 1917, attracted the attention of 
scientists to but a moderate degree, despite the fact that the facts 
presented appeared to be contrary to all of that which had been de- 
scribed up to that time. Only after the publication of the first collected 
work in 1921 did investigators on all sides really undertake the study 
of this phenomenon, as interesting as it is complex. Four years have 
elapsed since then and during this time more than six hundred memoirs 
and notes have appeared, to what purpose the reader of the following 
pages will^see. 

The present text is divided into three parts. 

It is evident, a priori, that by virtue of the principle that “there can 
be no effect without a cause” the phenomenon of bacteriophagy is 
induced by a “something” — by a “principle.” This is necessarily 
true whatever may be the hypothesis advanced as to the state or 
nature of the causative agency, 

A study of bacteriophagy in vitro is the first aspect of the problem 
which we will consider. In reality, this is simply a study of the re- 
spective behaviors of the unknown “principle, ”the cause of the phenom- 
enon, and of the bacterium which is subject to the phenomenon. 
Before studying the nature of a principle we must know something 
of how that principle behaves. 

From the broader point of view all of the studies carried out on the 
phenomenon of bacteriophagy itself have confirmed my first observa- 
tions. Thanks to the experiments of a great many authors certain 
details of the process have been more clearly defined, and it may be 
said that today the phenomenon itself is well understood. There 
remains, however, still another side to the question, a phase which 
opens a field of the greatest theoretical and practical importance, 
namely, the problems associated with the resistant forms of bacteria, 
with the infravisible forms in particular. 

What are the properties of this “principle” which causes the phenom- 
enon? What is its physical state? And more important yet, what 
is its biological state? These are the things that it is important for 
us to discover. These are the points which it is particularly«important 
to bring to the attention of the trained scientific mind. 
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From the beginning of my studies I have believed that the charac- 
teristics of the phenomena of bacteriophagy are such that the hypoth- 
esis of the living nature of the “principle” which provokes them is 
the sole one permitting an explanation. In the present work, taking 
as my basis not only my own experiments but those of a number of 
scientists who have adopted this hypothesis, among whom Prausnitz 
and Flu are particularly noteworthy, I offer the physiological proof of 
the living nature of the bacteriophage, an infravisible parasite of bac- 
teria. Must I call to the attention of those who have envisaged a 
contrar5’^ hypothesis that logic demands that the evidence which I 
have provided be justly evaluated before they continue to affirm the 
validity of their theories? 

And finally, a last aspect of the problem, treated in Part III, con- 
tributes in some measure an answer to the following question: What 
is the behavior of this bacteriophage when it comes into contact with 
bacteria which it can parasitize when they are within a superior being, 
either animal or vegetable? Here again a number of contributions 
have appeared, particularly during the more recent months, which 
have confirmed my observations showing the importance of this be- 
havior of the bacteriophage in connection with the processes of re- 
covery from infectious diseases. Among the contributions to this 
subject I must mention particularly the work of Hauduroy on typhoid 
fever, of Kramer, a student of de Blicck, on avian typhosis, and I must 
not forget the investigations of (lerretsen and his collaborators, who 
have shown that the behavior of the bacteriophage in the vegetable is 
of the same nature as that taking place within the animal. 

Although up to the present time but few authors have imdertaken 
the study of the behavior of the bacteriophage within the organism 
there are a relatively large number who have carried out investigations 
on what might be termed the other side, that is to say, on the appli- 
cation of the bacteriophage to the therapy of various infectious diseases. 
Of particular interest are the contriVjutions of Hauduroy, who has 
applied this mode of treatment in colon bacillus infections, of Gratia, 
who has conclusively demonstrated a therapeutic effect in staphylococ- 
cus infections, and of da Costa Cruz who, after having confirmed my 
first studies on the specific treatment of the bacillary dysenteries, has 
undertaken a large scale demonstration of this mode of therapy with 
such results that all other modes of treatment have today been aban- 
doned in Brazil. These contributions afford a practical demonstra- 
tion of the importance of the behavior of the bacteriophage in the 
processes of recovery. 
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In closing this preface I must extend my thanks to my friend, Dr. 
Smitli, who has been willing to devote to me so many hours that he 
would have been able to utilize, certainly in a way much more agreeable 
to him, in inves%ative work. Furthermore, I must congratulate him 
on the fidelity of his translations. A French colleague, after reading 
“Immunity in Natural Infectious Diseases,” said to me “I can even 
recognize your style in the translation.” “Tradutore, traditore,” 
says the Kalian proverb. The proverb is false in the case of Dr. 
Smith. 
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INTRODUCTION 
I. Historical 

THE PHENOMENON OF BACTERIOPHAGY 

Before considering the historical development of our knowledge 
concerning the phenomenon of bacteriophagy, let us consider the cir- 
cumstances which offered a veiled suggestion that such a phenomenon 
existed, although none of the facts pertaining to the reaction were at 
that time known. Let us consider the initial observation which served 
as the starting point for the study of the phenomenon of bacteriophagy. 

During, the course of the investigation of a disease, bacterial in 
origin, affecting locusts, first noted in Mexico in 1909 where whole 
swarms of the insects succumbed to the infection* several new facts 
were observed. The disease, as it occurred naturally was primarily a 
septicemic condition, accompanied by intestinal disturbances, as re- 
vealed by the profuse diarrhea seen in the infected insects. The 
pathogenic microorganism, Coccobacillvts acridiorum, was present in the 
intestinal fluids in great abundance. 

Inasmuch as these locusts constitute an insect pest, causing enor- 
mous destruction of crops in many tropical regions, and indeed in some 
sub-tropical zones, it seemed that it might be possible and distinctly 
advantageous to artificially implant this natural epizootic among the 
colonies made up of larval forms and thus destroy the harmful insects 
in large numbers. To this end, th^; virulence of the coccobacillus was 
enhanced by successive passages through locusts in the laboratory. 
Large quantities of a fluid culture medium were inoculated with the 
bacterium and this material, after incubation, was distributed from 
place to place among the masses of insects, still in the larval state. 
Under such conditions the disease developed rapidly.f 

* d’Herolle — Sur vine dpizootie de nature baetdrienne edvissant but les Sau- 
terelles en Mexique. Compt. rend. Acad, sci., 1911, tSS, 1413. * 

t Consult on this subject: ^ 

d’Herelle — Le Coccobaoille des Sautorelles. Ann. Inst. Pasteur, 1914, S8, 
280; 387. 

Beguet, M. — DeuxiAme campagne contre les sauterelles Stauronottus maroe^ 
canus Thun, en Algdrie au moyen du “Coeccbadllua acridiorum" d’Herelle. Ann, 
Inst. Pasteur, 1016, t9, 620. • 
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As has been said, the preparation of cultures for the mass infection 
of the colonies of insects involved the isolation of the virulent cocco- 
bacillus from the intestinal contents of locusts with an experimental 
laboratory infection. And in this procedure certain observations were 
made which now offer the point of greatest interest. On several occa- 
sions the culture tubes used for isolation, or for transplanting the cul- 
tures, yielded colonies which were of indented irregular contour, or, 
in the midst of a group of confluent colonies there were at times are^ 
entirely free of growth. These cultural irregularities were sufficiently 
pronounced to arouse my curiosity, and to explain them, and the 
phenomenon leading to their formation, an hsrpothesis was advanced, 
one which proved to be entirely false. Indeed, it must be added that 
for a very long time this hypothesis led me to perfonn many useless 
experiments. 

In accord with this hypothesis it seemed that the coccobadillus could 
only be an “associated” organism, the true pathogenic agent neces- 
sarily being an ultramicroscopic organism, which, occasionally reaching 
the agar, inhibited the growth of the associated bacterium. This 
hypothesis appeared the more natural in view of the admirable work 
of de Schweinitz and Dorset upon hog cholera. But, after having 
demonstrated that the filtrate by itself contained nothing virulent for 
the locust the hypothesis was modified in accordance with the concept 
that the disease required that two agents, visible and invisible, be 
simultaneously present. 

Throughout a long series of investigations attempts were made to 
determine if this hypothesis could be reconciled with the observed facts 


Beguet, M. — Campagne d’expdrimentation de la mdthode biologique centre Ic’ 
Schistocerca peregrina en Algdrie de Ddcembrc 1914 a Juillet 1916, et on particular 
dans la rdgion de Barika (Ddpartement de Constatine). Ann. Inst. Pasteur, 
1916, SO, 225. 

Velu, H., and Benin, A. — Essai de destructien du Schistocerca peregrina au 
Marec par le “Coccobacillus acridiorutn” du d’Herelle. Ann. Inst. Pasteur, 
1916, SO, 389. 

Velu, H. — Deuxidme campagne d’expdrimentatien de la mdthede d’Herelle 
au lAarec centre Schistocerca peregrina Olivier. Ann. Inst. Pasteur^ 1917, SI, 
277. 

Revista del Ministerie de Industrias del Uruguay, 1918. 

Revista del Ministerie de Obras publices de Venezuela, Suppl., 1913. 

Cheyssial, A. — Expdrimentatien de la mdthode de d’Herelle en Guinde fran- 
Qsise pour la destruction des acridiens. Bull. Sec. path, exot., Par., 1922, IS, 
762. • 
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in some of the human diseases, particularly bacillary dysentery and 
typhoid fever. But here again, always under the domination of a 
false hypothesis, the studies were made upon intestinal contents of 
patients in whom the disease was at its height. To this end filtrates 
were prepared from a suspension of fecal material and these filtrates 
were combined with suspensions of the bacterium, B, typhosm or 
B. dysenteriae as the case might be, and these were next inoculated into 
laboratory animals, hoping thereby to induce symptoms resembling 
those seen in the human subject during the disease. At the same time, 
an agar culture medium was inoculated with the filtrate-bacterial 
suspension mixture in an attempt to reproduce the cultural “abnor- 
malities” noted with the coccobacilli from the locusts. 

It is true that this procedure occasionally revealed cultural irregu- 
larities, but the phenomenon was very inconstant and this fact pre- 
vented if solution of the question. One day, in reexamining my 
experimental data my attention was attracted to the fact that w'hen 
such cultural irregularities appeared it was never at the beginning of 
the disease but always when filtrates were used which were prepared 
from fc(!al material collected during convalescence. I then resolved, 
and logically this is where I should have commenced, to examine the 
fecal discharges of individual patients systematically, from the onset 
of the disease up to the time w'hcn convalescence was established. 

In August, 1910, an adult with a severe bacillary dj’^sentery (Shiga) 
was under treatment in the Pasteur Hospital. Each day about 10 drops 
of the stool were collected and placed in a tube of bouillon. After incu- 
bation over night the suspension was filtered through a Chamberland 
candle. Into some bouillon, previo"sly inoculated with Shiga bacilli, 
about 10 drops of this filtrate were placed, and the material was re- 
turned to the incubator at 37“C. 

Throughout the duration of the disease, all of the tubes, prepared 
each day in the same manner, gave normal cultures of B. dysenteriae. 
One day, the tube prepared the day before remained sterile. Investiga- 
tion showed that the patient gave evidence of notable improvement, 
and, as appeared later, this was shortly follow'ed by definite con- 
valescence. * 

To the bouillon thus inoculated and containing filtrate, and which 
had remained to all appearances sterile, a suspension of Sluga bacilli 
derived from a fresh agar culture was added to yield a marked turbidity. 
This tube was placed in the incubator. After about 10 hours it was 
again dear. * 
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This, of course, made it at once apparent that my first hs^pothesis 
was of necessity false, the truth of the matter being that the fecal 
material used in preparing the filtrate contained something which dis- 
solved the dysentery bacilli. Nevertheless, my first, hypothesis had 
one virtue, since, as it had led me for such a long time to consider the 
question of a virus pathogenic for the man or the animal it offered the 
suggestion that the dissolving principle might be a virus pathogenic 
for the bacterium. And because of this last hypothesis the following 
experiment was devised and carried out. 

A drop of a dissolved culture was added to a fresh bouillon culture 
of Shiga bacilli. About 1.5 hours later the bouillon was clear, all of the 
bacilli originally present had been dissolved. Thus, several succes- 
sive passages were effected in the same way, employing each time a 
drop of the culture previously dissolved added to a fresh culture of 
Shiga bacilli. In this repetition of the process, instead of*'becoming 
weaker the activity became more and more pronounced, that is, the 
disappearance of the bacilli was effected with gi'eater and greater 
rapidity. 

This time the guiding idea appeared to be correct. The principle 
present in the intestinal contents became regenerated at the expense 
of the Shiga bacilli. It behaved like a fiitrable organism, parasitic of 
bacteria. 

The next step was an attempt to reproduce the cultural irregular- 
ities upon a solid medium. To do this, a very small amount, about 
O.OOOi cc. of one of the di.s.solved cultures was added to a young broth 
culture of Shiga bacilli and the mixture was subcultured immediately 
to an agar slant. Similarly, subcultures were made after incubation, 
for 1, 2, and 3 hours, a drop from the inoculated tube being used in the 
transfers. After incubation of these agar subcultures the growth 
revealed some of the “abnoratial” appearances which had formerly per- 
plexed me. But this time, the characteristics of these abnormalities 
were so outspoken that their significance could not be overlooked. 

In the first tube the surface of the agar was well-covered with a 
normal layer of B. dysenteriae, except that in the midst of the culture 
ther% were two little islands, two “plaques,” perfectly circular in form, 
where the agar was l)are, entirely free of all traces of culture. The 
second agar tube, planted 1 hour after the original combination was 
made, revealed 6 of these plaques. In the third, prepared after the 
dissolving principle had acted for 2 hours, there were about 100 of 
the plaqu^. The fourth tube remained without any evidence of 
bacillary growth. 



introduction 




This, then, gave a new proof that the dissolving principle actually 
regenerated in the course of the action. Further, it demonstrated that 
the principle was condensed in the form of active particles. 

It is to this principle that I have given the name Bacteriophage; 
the phenomenon of bacterial solution caused by it being termed Bac- 
teriophagy. 

With this simple statement of what is meant by the “phenomenon of 
bacteriophagy” in its broader aspects, let us see if the literature pub- 
lished prior to my papers on the subject contains data such as might 
be construed as dealing with the same phenomenon. 

In the first work summarizing my communications on the subject®-'* 
mention was made particularly of a paper by Hankin dealing with a 
bactericidal property of the water of the Jumna and of the Ganges 
rivers. Since the text, “The Bacteriophage, Its R61e in Immunity,’’ 
was published various authors have made a study of the literature 
and many have sought to discover, in the many studies conducted 
upon the subject of “bacteriolysis,” facts which bear upon the question 
of bacteriophagy. 

Let us state immediately, and we will return to this question, that 
the term “lysis,” which should always have been applied strictly in its 
sense of “a dissolution,” has lost in biological usage all significance, 
and is in fact applied to phenomena which are without any effect upon 
the vitality of the bacterium regarded as undergoing a “bacteriolysis.” 
This is the first source of error, as we shall see. The second cause of 
error is resident in a faulty logic on the part of those who have examined 
these earlier communications. Bart erioly sis, even true bacteriolysis, 
resulting in a dissolution of the bacterial cell, is not a phenomenon 
with but a single cause. Bacteriolysis is a syndrome, one might say, 
which can be provoked by different causes or diverse agents. A 
number of varieties of bacteria undergo dissolution when placed in 
water satumted with ether. May one speak here of bacteriophagy? 
The pneumococcus, like some other fmgile bacteria, is dissolved within 
a few days if it is allowed to remain in the liquid culture medium where 
it has developed. Is this bacteriophagy? Gertainly not. For, in 
neither case is the dissolution accompanied by the very special charac- 
teristics which delimit bacteriophagy. 

Bacteriophagy, as we will see in the course of this text, is a phe- 
nomenon presenting very distinctive characteristics, such as permit it 

« 

♦ Referring to the bibliographic material appended to the text. 



6 


THE BACTERIOPHAGE AND ITS BEHAVIOR 


to be clearly defined. To attempt to reconcile ' ‘bacteriolysis^’ and 
“bacteriophagy,” making them identical and co-cxtensive is a scientific 
absurdity. Yet this is precisely what some authors, fortunately now 
becoming fewer in number, seem to have thought they must do. 

In a lengthy review of the literature dealing with the bacteriophage 
Otto and Munter^®'^ go into the historical aspect of the subject,* * * § citing 
all of the more important contributions upon the question of bac- 
teriolysis in general, beginning with that of Kruse and Pansinif upon 
the autolysis of the pneumococcus. 

But bacteriolysis and bacteriophagy are by no means synonomous. 
Bacteriolysis, the general syndrome, is but an episode in bacteriophagy. 
It is not the event which distinctly characterizes the phomnenon, Bac- 
teriophagy is certainly not involved in the autolysis of B. pyocyaneus, 
as observed by Emmerich and Ldw,t nor in the autolysis of B. anthracU, 
as noted by (jamaleia§ and studied by ]Malfitano.|| ^ 

The mechanism of the process here is not related to bacteriophagy 
any more than is the bacteriolysis of this same anthrax bacillus when 
subjected to the serum of certain animals. There is a similar lack of 
relationship as regards the inhibitory effects of old normal cultures 
upon the development of certain bacteria, as first reported by Eijk- 

* Mention may he made of the fact that in presenting this historical review 
Otto and Munter did not seek to introduce any question of priority. Indeed, their 
paper is entitled ^‘Bacteriophagy,^' bearing the sub-title “d’llerelle's Phenome- 
non," a fact in itself significant. Otco and Munter, like the other German investi- 
gators, have, in my opinion been perfectly logical in this respect. My sole criti- 
cism of the historical part of the review of Otto and Munter is one of a purely 
scientific nature; a criticism concerning the abuse of generalizations. 

t Kruse, W,, and Pansini, S. — Untersuchungen iiber den Diplococcus pneu- 
moniae und verwandte Streptokokken. Zeitschr. f. Hyg. u. infektionskrankh., 
1892, 11, 279. 

} Emmerich, 11., and Low, O. — Bakteriolytische Enzyme als Ursache der 
erworbenen Immunitat und die lleilung von Infektionskrankheiten durch diesel- 
ben. Zeitschr. f. Ilyg. u. Infektionskrankh., 1899, 31, 1. 

§ Gamaleia. — Bakteriolysinc-bakterienzerstorenden Fcrmente. Abst. in : — 
Centralbl. f. Bakt., I. Orig., 1899, 36, 661. 

II Malfitano, G. — La bacteriolyse dc la bact^ridie charbonncusc. Compt. 
rend. Acad, sci., 1900, 131, 295. 

Malfitano, Q. and fcJtrada, F. — Evaluation du pouvoir prot6olytique des bac- 
t^ridies du charbon. Compt. rend. Hoc. biol., 1905, 59, 118;— Des influences qui 
peuvent faire varier lo pouvoir prot^jolytique des liquides en contact avec des 
bact5ridies du charbon. Compt. rend. aoc. biol., 1905, 59, 120;— Influence de 
Pa^ration des cultures sur le pouvoir prot^oly tique do6 bact^iridies charbonneuse. 
Compt. rend. Soc. biol., 1905, 59, 197. 
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man,* and later by Conradi and Kurpjuweit,t Rahn,t and Faltin,§ 
to cite only the more important studies. 

All of these demonstrations of the bacteriolytic process can be re- 
peated with th^ greatest ease, and none of them show the slightest 
resemblance to bacteriophagy. To even suggest a relationship is im- 
possible. Indeed, it is W fair to state that none of the authors men- 
tioned have endeavored to establish such a relationship. Recently 
Eijkmun has conducted some experiments upon bacteriophagy and 
he statesll that he can not see any possible connection between the 
phenomenon which he formerly studied and that of bacteriophagy. 
More recently Haj6s1f by the advice of Koranyi, has considered this 
question again, more particularly to determine if there is any rela- 
tion between the inhibitory action of filtrates of old cultures and the 
phenomenon of bacteriophagy. His conclusions are identical wdth 
those of Kijkraan, — ^the phenomenon of inhibition has no demonstrable 
connection with that of bacteriophagy. 

Those former studies are mentioned here simply because of the fact 
that certain authors (Pico®“) have attempted to correlate all of the 
phenomena in which bacteriolysis represents a phase, establishing thus 
a certain degree of confusion, and because they are mentioned in the 
historical discussion of Otto and Mun^er. 

There are, on the other hand, some experimental observations which 
may possibly be interpreted as revealing the intervention of the bac- 
teriophage, but even here it is impossible to definitely affirm this, 
since some of the findings reported by the authors seem to oppose 
such a correlation. 

Hankin** stated that the water of certain rivers of India possesses 

* Eijkraan, C. — Ueber thcrmolabile Stoffwechsclproduktc als Ursache <lcr 
iiatiiilichen Waclistumshemmung der Mikroorgauismen. Centralbl. f. Bakt., 
I. Orig., 1904, 37, 430. 

I (’onradi, H., and Kurpjuweit, O. — ^Ueber spontane Wachstiunshemmung 
dcr Bakterien iufolge Selbstvcrgiftung. Munchen. med. Wchnschr., 1905, 1761. 

t Habn, O. — Ueber den Einfluss der Stoffwcchselprodukto auf das Wachstum 
der Bakterien. Centralbl. f. Bakt., I. Orig., 1906, 16 , 417; 609. 

§ Faltin, R. — Studicn iiber Hetero- und Isantagonismus, roit besonderer 
Berttcksichtigung der Vcrhaltnissc bci infektioson Erkrankungen der HarnWege. 
Centralbl. f. Bakt., I. Orig., 1908, 46 , 6; 109; 222. 

II Reunion annuello do la Societio dee Bacteriologues Neerlandais, 1923. 

il Hajds, K. — Beitriige zur Frage der wachstumshemmenden Wirkung von 
Bouillonkulturen. Centralbl. f. Bakt., I. Orig., 1922, 88 , 583. 

** Hankin, E. — L’ action bactericide des eaux de la Jumna et du Gangs. Ann. 
Inst. Pasteur, 1896, 10 , 511. » 
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an extremely marked antiseptic action for bacteria in general, and for 
the cholera vibrio in particular. Thus, the water of the Jumna, as 
it left the town of Agra, contained more than 100,000 bacteria per 
cubic centimeter, while some 5 kilometers further do$m the bacterial 
count was reduced to but 90 to 100 organisms. 

Dealing more particularly with the cholera vibrio, his laboratory 
finding s gave the results presented in the following table. In this 
table the first line shows the effect of the Jumna river water after 
filtration. The figures of the second line represent the action of the 
same filtered water after boiling. In both instances, the water had 
been inoculated with a culture of V. cholerae, and the rate of action is 
shown by the bacterial counts made after different intervals. 



The germicidal action of the water of these rivers could always be 
detected, but it was not uniform in degree. 

It is of interest that it is to this antiseptic action that Tlankin attrib- 
utes the fact that he never was able to demonstrate that the ingestion 
of the water of these rivers was responsiWe for the development of a 
single case of cholera. Certainly these rivers were never the carriers of 
epidemics; cholera always spreads from down-stream upwirds. 

Hankin showed that the antiseptic principle was destroyed by boil- 
ing, and, from his experiments, he deduced that it was volatile. 

Flu*^® denies that the bacteriophage was the agencj'’ responsible for 
this germicidal action, since Hankin had shown that a volatile sub- 
stance was involved. It is certain that if this statement of Hankin is 
correct, it by itself suffices to prove that the bacteriophage was not 
involved. As a matter of fact the experiment on volatilization offers 
abundant chance for error, and we shall see that tliis error has con- 
tributed to the results of some investigators who have considered the 
question of the volatile nature of the bacteriophage. The error lies 
in the fact that when distillation is carried out at low temperatures, 
without special precautions, materials are carried over into the dis- 
tillate, leading to the erroneous conclusion that a volatilization has 
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taken place, when in reality it has not occurred and does not occur 
when the experiment is properly conducted. 

It should be the duty of some bacteriologist in India to repeat the 
studies of Hanjrin. For if the antiseptic substance present in the 
water of these rivers is actually volatile the action can not be bac- 
teriophagic in nature. While, on the other hand, if these waters repro- 
duce the phenomenon with all of its characteristic features, the bac- 
tericidal action observed by Hankin must necessarily be referred to 
bacteriophagy. 

There is another communication* where it is possible that the bac- 
teriophage may not have been foreign to the results, — ^results which 
stimulated certain somewhat sarcastic remarks on the part of Metch- 
nikoff. It must be admitted that before the era of the bacteriophage, 
these results might well excite wonder, and, indeed, certain recom- 
mendations of the authors of the memoir in question may, with reason, 
seem strange. For they state that bacteriologists should not attempt 
a confirmation of their experiments, most probably because they them- 
selves could not interiiret the phenomena observed and were unable to 
repeat them. 

However that may be, here is the passage in the work of Metch- 
nikofff which refers to these investigations. 

. . . Emmerich and L6w attribute acquired immunity to particular 

substances which they call ‘^nuclcase-immunoproteidine.” In accordance with 
their supposition the bacterial products which are liberated within the body 
during the period of vaccination, the nuclease, combines with the protein sub- 
stances of the blood and of the organs, yielding the substance designated by these 
authors by this very complex name. In their last publication Emmerich and 
Liiw go so far as to describe a method for the production of this substance outside 
of the body, by causing beef blood, or better yet, ground-up spleen, to act upon the 
nuclease produced by the bacteria in old cultures. X They attribute to this the 
property of dissolving diverse bacteria, of vaccinating against, and of curing, 
many infectious diseases. But these authors do not state whether this substance, 
so very remarkable, is identical or analogous to the antibacterial ferments com- 


* Emmerich, R., and Low, 0. — ^Die kunstliche Darstellung der immunisierenden 
Substanzen (Nucleasen-Immunprotefdine) und ihre Verwendung zur Th^apie 
der Infektionskrankheiten und zur Schutzimpfung an Stelle des Heilserums. 
Zeitschr. f. Hyg. u. Infektionskrankh., 1901, 86^ 9. • 

I Metchnikoff, E. — ^TjTmmunit6 dans les Maladies Infectieuses. pp. 267-68. 

X These words are not underscored in the text of Metchnikoff. I have under- 
lined them simply to attract the attention of the reader, for purposes which will 
become apparent shortly. 
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posed as wo know, of microcytase and of fixateur. It may be inferred that they 
believe it comparable to the alexin of Buchner, which is simply a mixture of the 
two substances already named. Unfortunately, all that this theory of Emmerich 
and Low accomplishes is to confuse the reader, and in their publications no proof 
of their affirmations is to be found. In fact, many statements which they make 
are at variance with well established observations. Thus, they speak of a com- 
plete dissolution of the bacilli of swine erysipelas within the vaccinated animals by 
their soluble *4mmuno-proteidine-er3»^sipelase.’^ This has never been demon- 
strated by them and is indeed in complete contradiction to conscientious observa- 
tions and to well established facts. On the other hand, they make statements in 
themselves contradictory. The ^^immuno-proteidine-pyocyanease’* is a sub- 
stance possessing an extraordinary bactericidal power, not only for the pyo- 
cyaneus bacillus but also for several other bacteria, such as the organisms of 
anthrax, of diphtheria, of typhoid, and of plague. This substance quickly 
dissolves these bacteria and cures experimental diphtheria and anthrax, but at the 
same time it is actually subject to contamination by even the most banal organ- 
isms, such as B. suhtiUs, from which it is necessary to protect it by the addition 
of antiseptics. To all of these contradictions, uncertainties, and inaccuracies 
it is still further necessary to add the advice, actually given to bacteriologists by 
Emmerich and Low, that their experiments should not be repealed, for they are 
not to be successfully performed with ease. In this state of iilTairs 1 1 elieve that 
despite the attractiveness in attributing to bacterial products a role in the elabo- 
ration of antibacterial substances, it is necessary to forbear from following further 
these authors. 

Did the bacteriophcagc play a role in chese experiments of Einineri(jh 
and JAm? It is indeed difficult to lell, but, if they are correct, or at 
least if the basis is correct, there can ])C no doiil)t that these autliors 
have observed ^'something.'’ There is liardly more tlian one possible 
explanation. One of the old cultures employed in o))taining their 
so-called ‘fiminimo-prolein’’ must have been contaminated with the 
bacteriophage. W(' know, for example, that in working with about 
100 different stniins of the cholera vibrio Flu-^® encountered one, and 
one only, which was contaminated with the bacteriopliage. This 
bacteriophage caused within 3 or 4 hours the dissolution of a suspen- 
sion of the cholera vibrio derived from any strain whatever. 

Upon the basis of a single fact, accidentally ol)scrved, Emmerich 
and Low doubtless made generalizations too hastily. Imbued with the 
theory of antibodies they were unable to comprehend what they had 
observed. Neither they themselves nor anyone else have been able 
to repeat their experiments, and because most certainly exaggerated 
from the standpoint of generalization their observation has remained 
sterile. On the other hand, if one wishes to hold the text of these 
authors to i:trict accountability and to take their statements literally 
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it would be easy to demonstrate that it could not have been the bac- 
teriophage which was involved, just as the bacteriophage could not 
have been the cause of the phenomenon observed by Hankin. But in 
the one case as, in the other, making allowances for errors of com- 
mission and for generalizations which may have been prematurely 
drawn by the authors, over-enthusiastic concerning the facts acci- 
dentally observed, I can see a possible explanation only in the bacterio- 
phage. 

A third communication where the bacteriophage may have been the 
cause of the facts observed, and here the probability is somewhat 
greater, is that of Gildeineister.* In 1917, -under the name of “Flat- 
tenfonnen” he described irregular aberrant colonies of certain bacilli 
(typhoid and coli). As a matter of fact it appears that what Gilde- 
meister oliserved were simply bacterial colonies contaminated naturally 
by the lActcriophage. I attribute the formation of these aberrant 
colonies to bacterial mutations in the sense of deVries. 

I have found only these three communications in which the facts 
disclosed might lie explained as due to the action of the bacteriophage. 
In view of the violence, as it might be termed, with which bacteriophagy 
is often effected, it is indeed strange that it has not more often at- 
tracted attention forcibly, especially in view of the ubiquity of the 
bacteriophagous principle. I believe this can be explained in only one • 
way. There must have been many bacteriologists who have witnessed 
the complete clearing of a broth culture which had been prepared with 
material derived from the body of a man or sick animal, or who have 
experienced the impossibility of subculturing to a solid medium 
an organism derived from the body, or again, who have observed on a 
solid medium the presence of “plaques,” the bare spots mentioned in 
jM’eceding paragi-aphs. Indeed, this is certain, since during the past 
few years many bacteriologists have told me that they have encoun- 
tered such things. 

In 1919, prior to my departure for Indo-China, that is, before I had 
discovered that resistance to the plague bacillus, in man and in the 
rat, was due to the presence in these animals of a bacteriophage viru- 
lent for this bacillus, Nageotte told me that in the course of a Con- 
versation with naffkine upon the subject of my studies, the latter 
told him that he had observed repeatedly that bouillon tubes inoculated 

* Gildemeister, b.'-Weitere Mitteilungen tlbei Variabilitatscrschcinungen 
bei BaktoricQ, die beroits bei ihrer Isolierung aus dem Organismus zu beobachten 
Bind, Centralbl. f. Bakt., I. Orig., 1916/17, 79 , 49. • 
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with the contents of a plague bubo, after becoming immediately turbid 
through the development of B. pestis, became within the space of a 
few hours absolutely cleared. The phenomenon was known in his 
laboratory by the name of “B. pestis suicide.” Unquestionably it 
was due to the bacteriophage; in these particular cases B. pestis and 
the bacteriophage being co-existent in the bubo developing toward 
recovery. 

Pinoy has informed me that at the beginning of the late w’ar, being 
in Morocco engaged in the preparation of anti-typhoid vaccine, he 
isolated a strain of B. paratyphosus A which presented definite plaques, 
comparable in all respects to those which I have shown to be produced 
by the bacteriophage. 

Also during the war, while stationed at Tiflis where he had charge 
of the sanitary control of the water of the Koura river, Eliava observed 
the following phenomenon. The w-ater under examination was added 
to a peptone-water medium. After incubation for a few hours a speci- 
men removed from near the surface of the medium show’ed micro- 
scopically an abundance of vibrios with a normal form. Transfers to 
agar gave a light dull layer of growth which was microscopically com- 
posed of a culture of the vibrios. Some 12 hours later, from both the 
peptone water and the agar all trace of the vibrios had disappeared. 
This observation was made several times, always giving a simfiar 
result and it was impossible to obtain a culture of a vibrio which had 
once commenced to develop and then disappeared a few' hours later. 
This phenomenon Avas inexplicable up to the time when he noted the 
first communications dealing with the bacteriophage. 

It is, therefore, certain that a large number of bacteriologists have 
accidentally demonstrated that such a strange phenomenon may take 
place in a solid or a liquid culture. But, because of the impossibility 
of reproducing the phenomenon at will, they have been unable to 
pursue the study and they have not ventured to publish such things 
since they appeared to be at variance with all known facts. 

It is, indeed, simply to the strangeness of the phenomenon of bac- 
teriophagy, to its character of being what might be called paradoxical- 
thaC I owe the chance, so rare in contemporary science, of having been 
able to perfect the study of such an extremely complex phenomenon, 
to have had time to investigate its effects in nature, chiefly from the 
point of view of the cure of infectious disease, to study their experi- 
mental reproduction, even to make to this end a voyage and a year’s 
stay in Intto-China, there to more readily observe human and animal 
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contagious diseases, and all of this before anyone even attempted to 
prove that the phenomenon itself was real, a labor which might have 
required a half hour's time. This is the more unusual since I had 
puV)lishcd in mine ten communications the facts observed and the re- 
sults obtained. They must have considered the author as a dreamer; 
indeed, some have since admitted that this was the case. 

BACTERIOCLYSIS: THE TWORT PHENOMENON 

In 1915, almost two years before my first communication upon the 
subject of bacteriophagy, Twort described a phenomenon* which 
possesses a character in common with that which I have described, 
namely, it is reproducible in series. Aside from this common charac- 
ter, it offers other characteristics, not merely different but which 
l)recludc all possibility of identity, for the characteristics of the two 
phenomena are mutually exclusive. But inasmuch as some authors 
have tried, despite this, to attribute the two phenomena to a single 
cause, quite without any experimental demonstration it is true, it 
seems necessary to consider this subject at some length. 

Fii*st, let me present that part of Twort's paper which describes the 
phenomenon which he observed. The transcription is literal. 

Home interesting results, however, were obtained with cultivations from 
glycerinated calf vaccinia. Inoculated agar tubes, after 24 hours at 37®C., often 
showed watery -looking areas, and in cultures that grew micrococci it was found 
that some of these colonies could not be subcultured, but if kept they became 
glassy and transparent. On examination of these glassy areas nothing but minute 
granules, staining reddish with Giemsa, could be seen. Further experiments 
showed that if a colony of the white micrococcus that had started to become trans- 
parent was plated out instead of being subcultured as a streak then the micrococci 
grew, and a pure streak culture from certain of these colonics could be obtained. 
On the other hand, if the plate cultures (made by inoculating the condensation 
water of a series of tubes and floating this over the surface of the medium) were 
left, the colonics, especially in the first dilution, soon started to turn transparent, 
and the micrococci were replaced by fine granules. This action, unlike an ordi- 
nary tlegenerativc process, started from the edge of the colonies, and further 
exjpieriments showed that when a pure culture of the white or the yellow micro- 
coccus isolated from vaccinia is touched with a small portion of one of the glassy 
colonies, the growth at the point touched soon starts to become transparent or 
glassy, and this gradually spreads over the whole growth, sometimes killing out 
all the micrococci and replacing these by fine granules. Experiments showed 

* Twort, F. W. — An Investigation on the Nature of Ultramicroscopic Viruses. 
Lancet, 1915, ii, 1241. % 
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that the action is more rapid and complete with vigorous-growing young cultures 
than with old ones, and there is very little action on dead cultures or on young 
cultures that have been killed by heating at 60®C. Anaerobia does not favor the 
action. The transparent material when diluted (one in a million) with water or 
saline was found to pass the finest porcelain filters (Pasteur-Chamberland F. and 
B. and Doulton White) with ease, and one drop of the filtrate pipetted over an 
agar tube was sufficient to make that tube unsuitable for the growth of the micro- 
coccus. That is, if the micrococcus was inoculated down the tube as a streak, 
this would start to grow, but would soon become dotted with transparent points 
which would rapidly extend over the whole growth. The number of points from 
which this starts depends upon the dilution of the transparent material, and in 
some cases it is so active that the growth is stopped and turned transparent al- 
most directly it starts. This condition or disease of the micrococcus when trans- 
mitted to pure cultures of the micrococcus can be conveyed to fresh cultures for 
an indefinite number of generations; but the transparent material will not grow 
by itself on any medium. If in an infected tube small areas of micrococci are 
left, and this usiially happens when the micrococcus has grown well before l>e- 
coming infected, these areas will start to grow again and extend ovOr the trans- 
parent porti(3n«^, which show's that the action of the transparent material is 
stopped or hindered in an overgrown tube; but it is not dead, for if a iniimto 
portion is transferred to another young culture of the micrococcus it soon starts 
to dissolve up the micrococci again. Although the transparent material shows no 
evidence of growth when placed on a fresh agar tube without micrococci it wdll 
retain its powers of activity for over six months. It also retains its activity when 
made into an emulsion and heated to 52®C., but when heated to (iO'TJ. for an hour 
it appears to be destroyed. It has some action, but very much less, on Slajyhy- 
lococcus aurcfis and albus isolated from l)oils of man, and it appears to have no 
action on members of the coli group or on streptococci, tubercle bacilli, yeasts, 
etc. 

Such is the description given by Twort of the phenomenon which 
he oljscrvcd. 

The first remark, extremely important, is that there in no lynis, no 
dissolution of the bacteria. The final result of the transformation as 
described by Twort is a vitreous or transparent substance, formed of 
fine granules which take a red tint when stained with Giemsa. There 
is a fragmentation of the cocci, a phenomenon of bacterioclysis. 

In the phenomenon of bacteriophagy a complete dissolution of the 
bacterial cell takes place. There is no residue. 

liut since Twort says nothing in any of his papers, neither in that 
of December, 1915, nor in that of 1922®“ of what happens when he 
adds his “transparent material” to a broth saspension of staphylococci, 
it is not possible to establish a comparison. It is necessary, there- 
fore, to restrict our comparison to the characteristics of the two phe- 
nomena ah manifested on agar. 
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Twort states that when a drop of a filtrate containing his active 
principle is spread upon the surface of an agar slant and this tube is 
next inoculated with a normal culture of the staphylococcus, a normal 
growth of the staphylococcus commences to develop. Then it undeiv 
goes a vitreous transformation, the change having its inception at 
certain points, to later spread throughout the whole extent of the bac- 
terial layer. If the principle is but slightly diluted the glassy trans- 
formation occurs at the same time that the growth takes place. 

In the phenomenon of bacteriophagy, if one spreads upon an agar 
slant a drop of filtrate containing a little of the bacteriophage principle, 
and if one then inoculates the surface by spreading over it a suspension 
of the staphylococcus, one obtains a culture for the most part absolutely 
normal in appearance, but here and there small islands, circular plaques, 
are found, where the agar is bare without any trace of growth in any 
fonn whatever. These plaques undergo no change, even after several 
days. They never invade the surrounding culture, nor are they ever 
covered by the bacterial growth. All about these plaques, the cul- 
ture, retaining its normal appearance, is formed of cocci preserv- 
ing their normal microscopic form. When one spreads upon the 
agar a filtrate containing a large quantity of the bacteriophage, and 
when one next seeds it with a normal culture of the staphylococcus, 
the agar surface, after incubation, remains naked, free of all evidences 
of ()actcrial growth or of anything visible. 

If, says Twort, there remain in an infected tube some small regions 
whore the culture is normal, these micrococci develop and invade the 
areas covered by the transparent material. 

I have already stated that in bacteriophagy the plaques, isolated or 
confluent, where the agar is bare, remain unchanged and are not re- 
covered by the normal sunuunding culture, and this is true even if 
there be but a single plaque upon the entire surface of a culture, and 
even if this plaque is very small, having a diameter of but a fraction of 
a millimeter. 

Twort states that if a normal culture of susceptible staphylococci is 
touched with a trace of the “transparent material” derived from a 
vitreous colony, the culture at the touched point becomes transpardPt, 
and the transfonnation next extends over the entire culture, the 
micrococci being replaced by granules. 

If one touches an agar culture of staphylococci, young or old, in 
one or in many places, with a fluid containing the bacteriophage, or 
even if one touches a normal culture with a plntinmn wire •previously 
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touched to the surface of a plaque or to the periphery of the plaque, 
and then places the culture at any temperature whatever — ^room or 
incubator — one never observes any transformation. For any length 
of time whatever the culture as such retains its normal appearance. 
Microscopic examination shows, except at the point touched, that 
in all other portions of the culture the micrococci retain their normal 
form and are never transformed into granules. Indeed, granule forma- 
tion occurs nowhere. 

As is evident, the phenomenon observed by Twort and the phe- 
nomenon of bacteriophagy present two entirely different aspects. In 
the first there is the transformation of the bacteria into fine granules, 
a “breaking down” Recording to IVort himself, that is, a bacteriocly- 
sis. While when bacteriophagy takes place there is a total dissolution 
of the bacterial cells, leaving no solid residue visible under any mag- 
nification of the microscope. 

Gratia^*® believed that he had proof of the similarity of the two 
phenomena when he stated that he had isolated from vaccinal pulp 
a principle causing the phenomenon of bacteriophagy with all of its 
characteristic manifestations, such as I have described them. As a 
matter of fact. Gratia proved precisely the opposite, that is, he showed 
that the two phenomena are necessarily different. One might admit 
a priori that the phenomenon of bacteriophagy might be manifested 
under different aspects in accord with the bacterium against which it is 
directed, that is to say, that it might be able to effect the detailed 
process as I have described it when it takes place in a culture of B. 
dysenteriae, B. typhosus, B. coli, B. peslis, B. proteus, Pasteurella, 
Vibrios, etc., and that it might occur under the form described by 
Twort when acting upon cocci. But Gratia has demonstrated that 
this is precisely what is not the case, but that on the contrary, under 
the influence of the bacteriophage, the staphylococcus undergoes a 
typical bacteriophagy, identical in all respects to that of other bacteria. 

The sole conclusion to be drawn from the work of Gratia is that 
staphylococci (and undoubtedly other bacteria as well) are capable of 
presenting two “diseased states;” the one consisting of a fragmenta- 
tion showing the characters described by Twort, the other expressing 
itself by a Ijotal dissolution. And for the latter, the distinctive mani- 
festations are not simply different from those of the first, but quite 
exclusive. In the vaccinal lymph may be found, accidentally, the one 
or the other of the “principles” which cause these phenomena. There 
is, indeedj; nothing impossible in the idea that they may co-exist in a 
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pinglft specimen. * Quite commonly two principles, the causes of dif- 
ferent phenomena, may be found together in the same medium. I 
have isolated from vaccinal pulp at two different times cocci pre- 
senting the phenomenon described by Fleming.* May one say that 
this phenomenon is bacteriophagy, simply because the susceptible 
coccus occurs in vaccinal l 3 rmph? 

Incidentally, those authors who have likened the phenomenon of 
bacterioclysis of Twort to the phenomenon of bacteriophagy have re- 
stricted themselves to affirmations only, without offering any supporting 
proof whatever. I am certain that, with their attention being attrac- 
ted to this point, should they wish to solve the question they will only 
have to read the paper by Twort on one hand, and on the other perform 
a few experiments upon the bacteriophagy of the staphylococcus, 
and for this a suitable bacteriophage is available to everyone. I 
believe that ^.ll will be in accord with me in the view that if the prin- 
ciple discovered by Twort and the bacteriophage are identical, when 
both are acting upon the same bacterium, the staphylococcus, and under 
identical conditions as to medium and temperature, they ought to 
incite identical phenomena. If these phenomena are different, as they 
actually are, it can only be because the principles differ. 

When these authors have themselves made these observations, I 
trust that they will be willing to distinguish between the two phe- 
nomena, and to employ the term “phenomenon of Twort,” or better 
the “phenomenon of bacterioclysis” to the bacterial fragmentation 
presenting the characteristics described by Twort, and the term 
“phenomenon of bacteriophagy” to the dissolution of bacteria present- 
ing the characteristics which I first described. 

In concluding, it may be remarkea that from the very beginning I 
have considered the arguments which I have here mentioned and 
which show the dissimilarity of the two phenomena.**^ These considera- 
tions were further developed in the book “The Bacteriophage, Its 
R61e in Immunity.” They were again repeated at the meeting of the 
British Medical Association in 1922, a meeting attended by Twort 
also, who confined himself to simply repeating the statements of his 
paper of 1915,*** affirming that the two phenomena were similar. But 
without discussing, or even alluding to, the arguments vffiich I had 
advanced in opposition to his point of view. Again I returned to the 

* Fleming, A., and Allison, V. D. — Further observations on a bacteriolytic 
element found in tissues and secretions. Proc. Roy. Soc., Lond., 1922 / 23 , 

142 . • 
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question at the Scarborough Congress of the Institute, of State Medi- 
cine in 1923.®^® Twort was again present but he failed to discuss the 
arguments which I have advanced. 

It is difficult to avoid the conclusion that if Twort refrains from 
such a discussion it is simply because the facts revealing the dis- 
similarity of the two phenomena are indisputable. 

II. Terminology and Technh; 

TERMINOLOGY 

Ijack of precision in terminology is, in all branches of knowledge, 
a permanent cause of confusion. In biology it is the basis of the 
most unfortunate errors. 

I have shown elsewhere* that the sciencre of immunitj' has been 
held back for more than twenty years by the cciuivocatiom created in 
the subject by the term “lysis,” which as a matter of fact has entirely 
lost its real significance. As it is, so to speak, impossible to re-establish 
the true etymological meaning to a word when it has once undergone 
deflection, and as I desire on the other hand to avoid all misunderstand- 
ing, I shall not employ the word “lysis” but will use the word “dis- 
solution,” or “to dissolve,” and it is necessary to take these tenns in 
their strict sense of “the passage of a solid body into a soluble state, 
without residue, macroscopically or microscopically visible.” 

I have applied the term “bacteriophagy” to the phenomenon, in 
reality very complex as wc will see, which consists essentially in a 
“dissolution” of bacteria through the operation of a orinciple which I 
have termed “bacteriophage.” 

A bacterial suspension, or a culture in a liquid medium, in which 
complete bacteriophagy has taken place becomes a perfectly clear 
medium, all of the bacterial cells being dissolved. In it, under the 
highest magnification, either in the fresh state or after staining, will 
be found neither microorganisms nor granules. 

Since the name “Bacteriophage” has been criticized, I may again 
state that obviously I have not used the suffix “phage” in its strict 
etymological sense of “to eat,” but in that of “developing at the ex- 
pense of,” a sense which it bears very frequently in scientific nomen- 
clature. Several examples of this might be cited, but I will only men- 
tion one, to which I will have occasion to return in the course of this 

• Immunity in Natural Infectious Disease; Williams & Wilkins Co., Balt., 1924. 
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discussion. Dangeard* has described a Chitridinea, belonging to the 
group of Oomycetes, which parasitizes and develops in the nucleus 
of Amt^a verrucosa Ehr. He has termed this Nucleophaga amebae. 
The word “phage” has exactly the same meaning in the two cases. 

Up to the present time we have considered the term “sterile” as 
implying the freedom of a medium from visible or cultivable bacteria. 
Nevertheless a medium termed “sterile” is contaminated if it contains 
an ultravirus, whether this virus be the bacteriophage or the virus of 
rabies, of vaccinia, or of avian plague, even though the highest magni- 
fications of the microscope fail to reveal the living agent or our arti- 
ficial media fail to yield a growth. For it is only necessary to place 
this material in contact with a susceptible living being to demonstrate 
that “a something” is present which can be cultivated in vivo. Con- 
sequently, although such a medium is termed “sterile” it is not so in 
reaUty. In#the discussion to follow the term “sterile” will be em- 
ployed in its usual sense, and we will designate as “ultrasterile” a 
medium which contains neither visible microbrganisms nor an actually 
demonstrable ultravirus. I underscore the word actuoRy for it is quite 
possible that we may sometime discover that there is no organic 
medium, natural or artificial, which is ultrasterile, at least, until after 
it has been subjected to an adequate amount of heat or treated with 
appropriate antiseptics. Only those ultraviruses which exercise a 
definite pathogenic effect upon another hving being are demonstrable 
at the present time. Among the saprophytes only those can be de- 
tected which produce a demonstrable chemical transfonnation.t 

When one introduces a trace of bacterial culture into or upon a 
medium one says that this medium is “inoculated.” Evidently the 
same word might be employed to designate the introduction of a trace 
of liquid containing the bacteriophage into a medium. It would be 
necessary to say “I inoculate bouillon with such and such a bacterium 
and again inoculate it with the bacteriophage,” and such a statement 
in certain cases at least could readily lead to confusion. I shall employ 
then, the term “inoculate” in its usual sense, meaning the introduction 
of a bacteriophage into a medium, and when bacteria are introduced 
into a medium the terms used will be “plant,” “implant,” or “seed.” 
Thus, I may say “I implant a medium with such and such aJbacterium 
and then “inoculate” it with the bacteriophage.” 

* Dangeard, P. A.— Le Botaniste, 1894/95, No. 4, 199; 248. 

t With reference to this subject see Immunity in Natural Infectious Disease, 
Williams & Wilkins Co., Baltimore, 1924. * 
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By the words “normal suspension” as applied to bacteria should 
be understood “a suspension containing 250,000,000 bacteria per 
cubic centimeter” prepared from a young agar culture of the bacterium. 

In the course of this text I will often have occa^on to speak of “a 
strain” of such and such a bacterium and likewise of “strains” of the 
bacteriophage. In order to avoid repetition and possible confusion 
I will make use of the word “strain” in its usual sense as applied to 
bacteria, and in treating of the bacteriojihage the word “race” will 
he used. 

In order to avoid needless circumlocution, in designating the origin 
of a bacteriophage I shall precede the word baciteriophage by the name 
of the bacterium which this bacteriophage parasitizes within the 
body or from which it has been isolated, or against which it manifests 
its virulence. For example, a “Shiga-bacteriophage” is one which 
W'as originally isolated from a case of dysentery due to Ik dyHcnteriae 
Shiga or it is a Ijacteriophagc virulent for this organism. A “Staphylo- 
bacteriophage" was isolated from a lesion caused by the staphylococcus. 
A “Cholera-bacteriophage” was originally derived from a case of 
cholera. A “Plague-bacteriophage” was derived from a convalescent 
from plague or from an animal which had resisted this disease. Or, 
failing this immediate direct connection through origin, they may be 
races of the bacteriophage viruhmt for the staphylococcus, for Vibi-io 
chokme, or for B. yedift. This scheine will be followed in speaking of 
all races of bacteriophage. 

I devote these few paragraphs to the matter of tenninology in order 
to facilitate the discussion of the facts to be presented, and, I hope, to 
aid in their comprehension. It is impo.ssible to be too careful in 
treating a subject of such extreme complexity, where we have to con- 
sider always the simultaneous action.s and reactions of two living beings, 
and often of three, when we include the evolution of the bacteriophage 
in nature. And the subject is still further complicated in that it deals 
with rudimentary beings; with those whose adaptations to the conditions 
of the moment are rapidly effected. This fact already dominates the 
study of bacteria, since from our point of view as human lieings, that 
\ffhich interests us mo.st in these other beings is their “virulence” and 
this is inlicrently variable. But this faculty of adaptation, one of the 
principal characteristics of life, is even yet more marked in the bac- 
teriophage, since this is an elementary living being. 
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TECHNICAL PROCEDURES* 

Every bacteriological laboratory possesses the materials necessary 
to conduct experiments upon bacteriophagy. I will only mention the 
apparatus needful for the isolation of the bacteriophage but I believe 
it pertinent to discuss the procedures usually, employed in biology to 
effect filtration.f 

Under ordinary circumstances the bacteriophage passes through all 
of the usual filter candles, including those made of porcelain, of in- 
fusorial earth, of asbestos, etc. Thus, it is possible to use candles of 
all types, but simply because of economy, in view of the large number 
of filtrations which it is necessaiy to make, it is preferable to employ 
candles which can be sterilized and repeatedly used. Chamberland 
filters are of this type. A small candle, with an outside lengt^h of 7 to 
8 cm. may be obtained, which is particularly convenient for test 
filtrations cfirried out with small quantities of fluid. It is thus possible 
to filter the contents of a tube of bouillon containing about 10 cc. and 
to recover 7 to 8 cc. of filtrate. 

Immediately after the filtration is completed, before the liquid 
saturating the filter has dried, I would suggest that the filter be boiled 
in water, as in a casserole, a procedure which is adequate to kill the 
pathogenic organLsms which were present in the fluid subjected to 
filtration (in the case of spore-producing pathogen;? it is obviously 
necessary to subject the filters to autoclaving at 120°C.). After boiling 
for about 10 minutes the candles can be removed from the boiling water 
with forceps and placed in the incubator at 37‘’C. to dry. When a 
number of used filters have been collected they can be sterilized by 
heat, care being taken that the temperaiure docs not go sufficiently 
high to damage the material (as the enamel) of which the filter is made. 
The small amounts of organic material present in the filters after 
boiling, provided the boiling process is carried out before the filters 
diy after the filtration, are thus consumed and the filter is restored to 
.a condition comparable to a new candle. By proceeding in this 
manner it is possible to work for several years, carrjdng out from 6 to 
8 filtrations daily, with 4 or 5 dozen filters, without having to supple- 
ment the supply. I emphasize this question a little because a number 

* This section of the text is of interest only to those engaged in experimental 
work upon the subject of bacteriophagy. 

t On this subject, of such extreme importance from the point of view of the 
study of all ultraviruses, consult the text already mentioned— Immunity in 
Natural Infectious Disease. ^ 
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of students located in countries where the rate of exchange is un- 
favorable have told me that it was impossible for them to make a study 
of bacteriophagy because of the price of filter candles. We will see in 
a moment, however, that even this difficulty can be circumvented. 

With regard to porosity the most useful candles are those which 
correspond to the Chamberland Lz filters, which are impermeable to 



Fra. 1. Filteb Assbubleo Accordinq to the Method of Martin 

all bacteria. But let me state once more and finally, that a candle 
capable of*heat sterilization and repeated use is perfectly suitable no 
matter what the make. I simply mention the Chamberland as indi- 
cating a type and because they are the filters which I have used here- 
tofore. 

Another question having a certain practical importance is the arrange- 
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raent of the filtering candle. The best, certainly that which com- 
bines the greatest assurance of sterility with the highest degree of 
simplicity, is the scheme of Martin (fig. 1). This arrangement makes 
use of a cylinder«with a neck, of a separating funnel and of a tube to 
receive the filtrate. The candle is mounted in the tube in advance 
by rolling a narrow band of non-absorbent cotton* about the varnished 
portion of the candle in such a manner that a plug is formed which fits 
firmly to the ground rim at the neck of the tube. In this way at one 
time a number of candles may be prepared and sterilized by dry heat. 

For the filtration, upon the long tube of the funnel are placed, first, 
a large rubber stopper which fits into the neck of the cylinder, and 
then, a small stopper, also of rubljcr, which is introduced tightly into 
the opening of the candle. The apparatus being assembled, the fluid 
to be filtered is poured into the funnel, and in the cylinder a moderate 
vacuum (affew centimeters of mercury is adequate) is established. 

When the filtration is complete, the large stopper is removed, lifting 
out in this way the candle adapted to its tube, and the funnel is re- 
moved. It only remains then to collect the filtrate with a pipette. 
If sufficient tubes are available, and if it is desired to preserve the 
filtrate, it is possible, instead of transferring the filtrate with a pipette, 
to remove the candle and to insert a sterile cotton plug withdrawn 
from a largo test-tube. 

I have tried a great many typos of filtering apparatus, but of all of 
those which have been recommended, that of Martin is the most con- 
venient and the most trustworthy. I have effected thousands of filtra- 
tions without a' single filtrate being contaminated. The apparatus 
for assembling this type of filter is mad*’ in three sizes, the smallest 
utilizing the candles mentioned above, and serving well for the filtra- 
tion of quantities of from 10 to 15 cc., the middle size is the usual 
laboratory size, and is adapted to the recovery of 40 to 50 cc. of filtrate, 
and the largest makes use of the same candles as the latter but is 
adapted to tubes having a capacity of about 150 cc. This last serves 
particularly well for the preparation of relatively laigc quantities of 
bacteriophage suspension intended for use in the treatment of patiei^s. 

* It is strange that a great many laboratories employ absorbent cotton for all 
purposes, oven for plugging culture tubes. This is certainly illogical, since this 
cotton, quite true to its name, is hydrophilo, 't.c., it absorbs water. It is pref- 
erable to use a hydrophobe cotton, as a non-absorbent cotton, which has not 
undergone a special treatment converting it to the condition where it absorbs 
water. • 
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ULTRAPILTRATION 

I have stated above that the porous candle umally allows the passage 
of the bacteriophage. When a Uquid contains but a very few bac- 
teriophage corpuscles these may, indeed, be absorbed by the candle 
and consequently the filtrate becomes ultrasterile. 

As we w’ill see, the bacteriophage corpuscle, like all ultraviruses, 
possesses the general properties of colloids. Indeed, this is a charac- 
teristic of all living things. For a long time the physical chemists have 
recognized that the porous candle can not be used for the filteition 
of colloids because of their adsorptive property which causes them 
to retain the substance fixed to the porous material. 

Even collouls, the micellae of which possess dimensions infinitely 
smaller than the pores of the candles, may not pa.ss through. As 
regards ultravinises we know that for a long time bacteriologists have 
argued the question of the filtrability of the agents of rabies, of vaccinia, 
and of variola. And this difference of opinion has been (luite legit- 
imate, for, when filtered through porous candles the passage of the 
virus Is but inconstantly observed. Under these circumstances there 
is always the possibility that when passage takes place it may have 
been because of a defective filtering apparatus. But if, iastead of 
the candle an ultrafiltor is employed the filtration experiment is in- 
variably successful, even though the pores are, indeed, verj' con- 
siderably smaller. The reason for this is simple. Adsorption, very 
mai’ked with porcelain, infasorial earth, asbestos, etc., and in general, 
with all of the mineral substances of which filter candles are com- 
posed, is reduced to a minimum with the ultrafilter membranes. 
Theoretically, only ultrafilters should be employed in microbiology. 
But, as I have said, in w'orking wdth the bacteriophage, at least for 
ordinary studies, the convenient filter candle may be used. For special 
investigations such as seeking for the bacteriophage in body tissues, 
fluids, or products, it is essential to resort to ultrafiltration. 

Since the matter of ultrafiltration seems to be, in general, rather 
poorly understood by bacteriologists, it may be well to describe the 
plocedure which is, not only the simplest, but also the most satis- 
factory in ^11 respects. I have tried all of the methods which have 
been proposed, and have decided that the method best suited to the 
work is that of the collodion sac. 

J. C. Martin was the first to apply ultrafiltration, em[)loying a silica 
jelly or gelatin. Shortly afterward Roux and Salimbeni devised the 
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collodion sacs such as have been employed since for the introduction of 
bacterial cultures into the peritoneal cavity of laboratory animals. 
Borrel next utilized them for the filtration of toxins. But Malfitano 
should receive the credit for having applied them in 1904 to the sys- 
tematic study of colloids. The method to be described is that devised 
by him. It is preferred to the method of Bcchhold (or those of other 
investigators) devised two years later, which likewise makes use of 
collodion membranes, but in which the apparatus is far more com- 
plicated and an assurance of aseptic technic is lacking. 

C'ollodion is a solution of nitrated cotton in a mixture of abso- 
lute alcohol and sulfuric ether.* The viscous liquid which results, 
spread out in a thin layer, becomes gradually impoverished in ether, 
and then in alcohol, as they evaporate, leaving a layer of nitrocellu- 
lose, homogenous and relatively resistant. 

At the beginning of the drying the ether evaporates much more 
rapidly than docs the alcohol, and, as the nitrocellulose is insoluble 
in alcohol alone a gel of .sufficient toughness is obtained at a certain 
stage of the desiccation. At this moment it is necessary to interrupt 
the drying by plunging the membrane into water, for if drsring becomes 
complete, the membrane is impermeable. Spongy membranes are thus 
obtained, permeated by an infinite number of ramif3dng invisible, or 
microscopic, pores, the latter Ijeing, according to the composition of 
the coUodion employed, from some hundred-thousandths of a millimeter 
to one or two millionths of a mUUmeter in diameter. 

The greater the amount of alcohol present in the collodion and the 
lower the content in nitrate of cotton, the larger the pores, and con- 
se<iuently the filters are the more porou.s and allow a more rapid filtra- 
tion. It can be seen from this that to obtain all possible degrees of 
porosity it is only necessary to vary the relative proportions of the 
three elements which enter into the composition of the collodion. The 
most open membranes still retain bacteria with certainty and readily 
allow ultraviruses to pass through; the tightest retain both. 

Membranes prepared from a collodion with the following formula 
permit the passage of the ultraviruses: ^ 

Alcohol, 96 per cent 

Nitrate of cotton 20 grams 

♦ The officinal collodion containing castor oil can not be utilised for it gives 
an absolutely impermeable film. As a general rule, to insure succesi^ one must 
even prepare the collodion. 
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As an indication of penetrability, a sac prepared from collodion of 
this composition will allow 55 cc. of water per hour per square decimeter 
to pass through when under a pressure of 50 cm. of water (Duclaux). 

A very dense membrane, impermeable for ultraviruses of all kinds, 
is obtained by preparing a collodion according to the following: 


Alcohol, 9C per cent 250 cc. 

Ether, 65 per cent 750 cc. 

Nitrate of cotton 50 grams* 


With a membrane prepared from this collodion a square decimeter 
filters only 5 cc. of water per hour under a pressure of 1 meter of water 
(Duclaux). 

By varying the relative i^roportions of the constituents it is possible 
to have in reserve a series of collodions suitable for preparing mem- 
branes appropriate, as to porosity, to performing an experiment of 
any type, whatever its nature. 

Preparation of iiUraJilters 

For the purpose of conducting investigations which must be carried 
out aseptically, as is always the case in microbiological work, the sole 

* The following may be stated as practical suggestions. In order to obtain a 
quick and complete dissolution of the cotton it is necessary to insure the absorp- 
tion of the alcohol by hrst saturating the cotton with a small portion of the 
alcohol, then add the ether little by little and when the mass has become trans- 
parent, add the rest of the alcohol. Another rather important point is that 
membranes prepared from a freshly made collodion are less homogeneous, and 
less tough, than are those made from a ‘‘ripened^' collodion. It is wise, there- 
fore, to pour the freshly made up collodion into a tightly stoppered flask and to 
keep it for a week in the incubator at 37°G. Once ripened the collodion may be 
used indefinitely, provided it is properly preserved, at a low temperature by 
preference and in tightly stoppered containers. I have not found these recom- 
mendations definitely stated anywhere, yet they are ‘‘tricks” well-known in 
some laboratories and of considerable importance. 

While on the subject of “tricks” I may mention one other. It is sometimes 
very difficult to obtain membranes free of air bubbles, yet these can very readily 
be avoided by placing the flask of collodion, still stoppered, in the incubator at 
37* for a few hours before it is to be used. When the mold which is dipped into 
the collodion to form the membrane has a temperature higher than that of the 
liquid (and this is usuM,lly the case, because it is necessary to carefully dry the 
mold with a soft cloth before immersing it in the collodion, and during this pro- 
cedure the temperature of the hands heats the mold), the ether evaporating frpm 
contact with the walls forms bubbles. This does not occur if the temperature of 
the collodion is higher than that of the mold. 
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practical method of assembling the ultrafilter is that which was first 
described by Malfitano. The ultrafilter, which has the form of a 
sac, is adjusted to the end of a glass tube of the same diameter. 

It is first necessary to prepare a mold. Unless one has in view some 
special investigation necessitating a large quantity of ultrafiltrate 
(and then it is necessary to select a mold of appropriate size) filter 
sacs with a diameter of 15 mm. and a height of from 6 to 8 cm. are 
to be preferred. To make the mold a test-tube of the appropriate size 
is selected and by means of a blow-pipe a bulbous enlargement is 



A B 

Fig. 2. i4, Mold for Preparing the Ultrafilter; 2?, the Celloidin Sac 
Adjusted to Supiortino Tube 
a, glass supporting tube; 6, ligature; c, celloidin sac 

formed near the middle of the tube (fig. 2). The mold being perfectly 
clean and thoroughly dry, and at a temperature slightly lower than that 
of the collodion (see the note on the preceding page), is plunged ver- 
tically into the collodion up to the point where the surface of the liquid 
reaches the middle of the bulb. It is then withdrawn very slowly and 
at-a uniform rate,* 

* It is well to have a watch available so that the same length of time can always 
be used for the different procedures, thus permitting the sacs to be comparable as 
regards porosity. The greater the viscosity of the collodion the more slowly 
should the mold be removed, otherwise membranes are obtained which are too 
thick. As more specifically indicating the procedure the foUowin^may be of 
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Immediately after removal from the collodion the mold should be 
held horizontally and should be rotated continually until the gel 
attains the requisite consistency. If the evaporation has not been 
sufficient the sac is likely to tear during removal f»om the mold; if 
drying has proceeded too far, the sac is liable to wrinkle and is removed 
from the mold w'ith difficulty. With a little experience one is able to 
sense the opportune moment; if one employs the time intervals indi- 
cated in the preceding note a membrane of the requisite consistency is 
obtained after about a minute and a half. At this moment, plunge 
the mold into the collodion a second time, observing the same pre- 
cautions as in the first immersion, and withdrawing at the same speed. 
Allow it to dry somewhat, holding it horizontally while continuously 
rotating it between the fingers. With the second layer permit the 
evaporation to continue for a slightly longer time, about two minutes.* 

Wlien the membrane thus prepared is of the requisite consistency, 
plunge the mold into water for a few seconds, then, separating with the 
finger nail the upper margin of the .sac from the middle poriion of the 
bulb, under a stream of running water, take hold of the loosened 
portion and turn it back on itself like the finger of a glove. The ex- 
terior surface of the membrane when the sac was upon the mold thus be- 
comes, after removal, the interior. Place the sac in distilled water, 
or, if it is not to be assembled for use at once and if it is desired to pre- 
pare a supply of sacs ready for use, they should be immersed in an 
aqueous 20 per cent alcohol. t 

The reader must not assume from this detailed description that the 
preparation of ultrafilters is difficult. After a few minutes' ])ractice 
one ^^gets the knack” if one has the least jnanual dexterity. 

For sacs with a diameter greater than 4 or 5 cm., that is, for .sa(‘s 

interest. For the more fluid collodions the removal of the mold should require 
10 to 15 seconds, for the more dense collodions this period should be extended to 
30 to 45 seconds. 

* Naturally the period of drying varies with the surrounding temperature, the 
presence or absence of air currents, etc., since anything which hastens evaporation 
shortens the time. In any case, the first sac made provides an index for further 
procedure. If the sac tears in the process of removal the period of drying must 
be extended; jf it is wrinkled, stiff, and is detached with difficulty, drying has gone 
too far. 

t If the proposed investigation is to demand a great many nitrations, it is well 
to prepare at one time enough sacs to meet all needa. In the first place this will 
save time, and in the second place, and this is of particular importance, it will 
tend to giv^ greater uniformity in the series of sacs to be employed in the study. 
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with a large capacity such as may be needed for special studies requir- 
ing a large amount of filtrate, the dipping method is not suitable. 
It is then necessary to proceed in the following manner. 

Prepare a suitable glass mold as has been indicated above, and attach 
this mold, horizontally, to a shaft connected with a small motor. The 
centering should be as perfect as possible and the speed of rotation 
should be from one to two turns per second, according to the size of 
the mold. With the mold rotating, pour a fine stream of collodion 
upon the mold, beginning with the bulbous enlaigement (the open 
end of the sac) and proceeding toward the closed end of the sac. Per- 
mit it to dry for an appropriate time, pour On some more collodion to 
give a second layer, repeat a third time, and even a fourth, thus in- 
creasing the toughness of the sac, which, being large, is proportionally 
fragile. Remove the sac as with the smaller sacs. The larger the 
sac, the more difficult is its construction. 

Assembling the ultrafdter 

Select a glass tube exactly* the same diameter as the exterior of the 
mold, and some 20 to 25 cm. (oir more in certain cases) in length. Long 
tubes facilitate filtration, for in filling this supporting tube with the 
fluid to be filtered sufficient pressure is obtained on the membrane to 
effpet filtration quickly, at least this is the case when using membranes 
sufficiently porous to allow the passage of ultraviruses. 

Draw the mouth of the sac upon the supporting tube, to a height of 
from 1.5 to 2 cm. Tie the sac to the tube with a fine and strong 
string, introducing between the sac and the ligature a band of parch- 
ment paper to avoid tearing the sac (Jig. 2-B). 

At no time during the manipulation should the sac be allowed to 
dry, for with diying nitrocellulose membranes become impermeable, 
even if they are again immediately moistened. It is, however, rela- 
tively easy to keep them moist with water. 

With the sac thus attached to its supporting tube, take a tube of large 
diameter and half fill it with distilled water. Also fill the adjusted sac 
with distilled water in such a way that the level of the water is sqme 
4 to 5 cm. al)ove the ligature. Place the sac within the lai-ge tulje and 
suspend it there at the desired height (the level of the water being the 
same in both tubes) by means of a strip of cotton rolled tightly al)Out 
^e supporting tube in suclv a way as to form a plug for the lai^e tube. 

* It is well to measure the diameter exactly, with calipers. 
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Plug the opening of the small tube with cotton, as one would a culture 
tube (fig. 3). 

If it is not essential to make the filtration aseptically, the ultrafilter 
is then ready for use. If sterility is requisite, the filter must be sterilized, 
either as it is or after denitrification. 



Fig. 3. The Ultrafilteb Ready fob Stebilization 
Denitrification 

« 

This detailed description of the |)rcparation of ultrafilters is here 
inserted because ultrafiltration must shortly become a common pro- 
cedure in all experiments dealing with ultraviruses, the group of beings 
to which tthe bacteriophage belongs. That the description of the 
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preparation may be complete, the method of denitrification, as it has 
been termed by Jacques Duclaux, should be included. 

Membranes prepared from collodion are simply a gel of nitrocellu- 
lose. Such membranes possess very low adsorptive capacities, but 
this property can be diminished still further by decreasing the thick- 



Fia. 4. Deinitrifiisd Ultrafiltbe Arrangud fob Dbuno 

a, ceiloidin sac; 6, ligature; c, supporting glass tube; d, column of water; s, 
rubber stopper;/, pincb-oook. 

ness of the membrane, and this is what happens when the nitrocellulose 
is transformed into pure cellulose hy denitrification. At thfi same time 
this procedure increases the toughness ofjthe membrane. 

For denitrification, Tuoxmt the sac upon its supporting tube, adjusting 
it as has been described, but instead of immersing it in distilled water, 
substitute a 26 per cent solution of ammonium hydrosulfi3e in die- 
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tilled water. Place in a water-bath at 50®C. for 45 minutes. Next 
wash the sac, outside and in, with a 10 per cent solution of ammonia, 
taking considerable care for at this stage the sac is very fragile. Finally 
wash with distilled water. t 

It is then necessary to completely dry the membrane, maintaining 
a positive air pressure upon the inside to prevent the sac from becoming 
deformed. The following has been found to be the most practical 
method. A rubber stopper (with one hole) which will fit the opening 
in the supporting tube is provided with a short glass tube, to the 
latter being attached a piece of rubber tubing provided with a good 
screw clamp (fig. 4). 

Pour a few cubic centimeters of water into the sac and insert the 
stopper equipped with its tube and clamp. IMow through the rubber 
tube to distend the sac, taking care not to rupture the still fragile 
membrane, (.’lose the clamp. When attached to a support, the sac 
uppermost, the few cubic centimetei*s of water placed in the sac will 
make an hydraulic seal and prevent the escape of air. 

Wlicii dried, a denitrified sac will keep indefinitely. For use, it is 
placed in a large tube* in distilled water, after the manner indicated 
for sacs whi(?h have not been denitrified. 

Sterilization 

Such is the description of the preparation and assemlJing of sacs for 
ultrafiltration as given in texts designed for physical chemists. For 
us, as microbiologists, the pj’ocedure can not stoj) here, for we must 
work in an aseptic mannc?r, that is, the ultrafilters must be sterilized. 
But, it is practically impossible to sterilize a collodion ultrafilter by 
moist heat in an autoclave.f The sac becomes deformed, the mem- 
brane is rendered opacpie, and porosity is modified. 

It is possible, as Jluclaux has shown, to effect denitrification and 
once this is accomplished an ultrafilter can be sterilized by steam in 
the autoclave. Nevertheless, the deformation of the membrane, 
although very much less than with the original collodion membrane, 
is, still very considerable. 

After many trials I have adopted the following method, which has 

* A more minute description of the details of ultrafiltration will be found in 
text-books dealing specifically with colloidal chemistry. 

f It is easy to see the enormous errors attending the use of unsterilized or 
poorly stejilized ultrafilters, yet of all the proposed types of ultrafilters, the 
only ones that can be effectively sterilized arc those designed by Malfitano, the 
preparation of which is here described. 
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proved to be entirely satisfactory, since the ultrafilter undergoes no 
change, the membrane remains perfectly transparent, and sterility is 
assured. 

Adjust the filtenng sac as was directed in the section on “assembling,” 
but instead of filling it, and the outside tube, with distilled water, use 
80 per cent alcohol. On the other hand, in a small autoclave, replace 
the water by 90 per cent alcohol. Connect the air escape valve of 
the autoclave to a condenser by means of a rubber tube (simply to 
prevent the volatilized alcohol from escaping into the laboratory at 
the beginning of the procedure). Place the ultrafilters, mounted in 
alcohol, as indicated above, in the autoclave, as for an ordinary steriliza- 
tion, and start the autoclave as would ordinarily be done. In brief, 
the sterilization is accomplished in a vapor of alcohol. When all of 
the air has been drawn off (this is show’n by the fact that the alcohol 
will commence to distiU over and with cooling will condense drop by 
drop in the condenser) close the exliaust valve, and regulate the source 
of heat in such a way that the autoclave will have a pressure of to 
J of a kilogram per square centimeter. The sterilization being thus 
effected in hydrated alcohol, the temperature attained in this way is 
sufficient. Maintain this pressure for 30 minutes, allowing the auto- 
clave to remain closed until after cooling is completed. 

This method of sterilization can lie applied eciualb’- well, whether 
the collodion ultrafilters are normal (nitrocellulose) or denitrified (pure 
cellulose) . Except for particular investigations this method of steriliza- 
tion renders denitrification unnecessary. 

If, as I would advise, one prepares at one time enough ultrafilters 
for a whole series of experiments they can all be sterilized at one tunc, 
and preserved in alcohol just as they come from the autoclave. 

At the time of use, empty the alcohol out aseptically, Iwth from the 
interior of the sac and from the exterior tube, and replace it with 
distilled water. Allow the water to remain for 10 to 15 minutes, and 
then empty this out. Then introduce the fluid to be filtered into the 
sac (fig. 5). 

With membranes of medium poi-osity, that is, those most commonly 
used, allowing ultraviruscs to pass with certainty and just as surely 
retaining the smallest of the bacteria (Asterococcus of pleuropneu- 
monia, for example), some ten cubic centimeters of ultrafiltrate can 
be obtained in a few hours (during a night), by simply filling the gla-'« 
tube supporting the sac with the liquid to bo filtered. The slight 
pressure thus exerted by the liquid in the tube and sac (15 to 20 cc., 
or even more if desired, since the volume can be increased by simply 
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adjusting the sac to a longer tube) is adequate to accomplish the 
ultrafiltration imless the membrane is too dense. If it is necessary to 
use very dense ultrafilters (for example, when it is desired to retain 
the ultravirus and thus to obtain an “ultrasterile”. ultrafiltrate, as is 
essential in carrying out studies upon the secretory products of the 
ultraviruses) pressure must be applied. For such purposes it is wise 
to prepare sacs, not with two layers of collodion, but with 4 or 5, in- 
creasing thus the toughness of the membrane. They should be deni- 
trified, and assembled as has been outlined, except that in the place 



Fio. 5. The Ultrafieter Assembled as (A) an Ultrafilter and (B) a ' 
* Dialyzing Sac 

of the lar^e tube into which they are suspended, they should be intro- 
duced into a tube with a side neck. It is also obvious that it is then 
necessary to adapt the tube bearing the sac to the side-necked tube 
by means of a perforated rubber stopper. To the reader all of these 
manipulations may appear complicated, but as a matter of fact, a 
little experience will show that the preparation of ultrafilters, and 
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CHAPTER I 

Bacteriophagy in a Fluid Medium 

1. ISOLATION OF THE BACTERIOPIIAGOUS PRINCIPLE 

Ubiquity of the bacteriophage 

The description of the fundamental experiment, as presented in the 
early pages of the Introduction, demonstrates that the phenomenon 
of bacteriophagy consists essentially in the dissolution of the bacterial 
cell.* This is accomplished through the action of a ‘^principle’* which 
passes through porcelain filters, and even, as we shall see, through 
ultrafilters whose pores are large enough to permit the passage of par- 
ticles with a diameter as great as 30 millicrons.t 

Quite naturally the first question to arise is that of the isolation of 
this dissolving principle, that is, how can it be obtained in a pure 
state, in the bacteriological sense of the word. Where is it to be found 
in nature? What types of material must be examined to obtain it? 

It is everywhere present, one might say. Up to the present time 
it has been shown to be present not only in t!ie intestinal contents 
of the normal man and of healthy animals (d'HereIIe®^®)J but par- 
ticularly in those who are convalescent from a bacterial infection 
(dTIcrelle®^°*®^®’® 22 )^ in the urine of these convalescents (d'Herelle*^®), 
in their blood (d’Herelle®^®), in pus (dTIerelle^^^), in river water 
(Dumas’®®), and in cultivated soil (Dumas^®®). Being, in fact, a con- 
stant inhabitant of the intestinal tract it may be encountered in every- 
thing which may be contaminated by fecal material. 

Its constant presence in the intestine suggests indeed, a priori, the 
thought that certain bacterial strains may occasionally be found ‘‘con- 
taminated” by a bacteriophage, and in fact, Otto and Munter*®- have 

* The word ''cell’' is used here simply because it is sanctioned by usage. As a 
matter of fact, it is very doubtful if a bacterium can be formed of a cell, in,the 
strict sense of the word. This question is discussed in the next to the last chapter 
of "Immunity in Natural Infectious Disease." • 

t A millicron is one one-millionth of a millimeter, or one one-thousandth of a 
micron, i.e., 

t Only the original papers are here cited. In a later chapter dealing in greater 
detail with the distribution of the bacteriophage we will review mor^ extensively 
the findings of those who have investigated this question. 
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isolated it from such cultures. Let us hasten to state, however, and 
we will return to this important point, that such contaminated cultures 
are rare. 

Methods of isolation 

The bacteriophagous principle is encountered but rarely in a sub- 
stance which, in the usual sense of the word, is sterile. Usually it is 
necessary to isolate it from a medium in which bacteria are also present. 
Two methods may be followed to this end. Since the bacteriophage 
will pass through porcelain filters and through ultrafilters, the material 
under examination may be suspended in water or in bouillon and sub- 
jected to filtration through porcelain or ultrafilters (d^Herelle*^®). 
The bacteria are held back by the filter; the bacteriophage passes 
through and is thus found in a pure state in the filtrate.* The bac- 
teriophage resists temperatures of at least ()0°C. Thus, if it is pres- 
ent in a liquid medium containing non-spore-forming bacteria it is 
only necessary to heat at SS'^C. for a time sufficiently long to kill the 
bacteria. The bacteriophage will then be found in a pure state (Bordet 
and Ciuca®*^). The bacteriophage will resist three successive heatings 
made at this temperature (58®('.) and consequently it is possible to 
isolate it by this means, even if the mixture contains spore-forming 
organisms, since they will be eliminated by the method of fractional 
sterilization (TomasellP®®). I have satisfied myself that the bacterio- 
phage may be isolated from feces by this method. 

In studying the influence of physical agents upon the bacteriophage 
we will see that temperatures, even below 60°C., may cause some 
attenuation. It is therefore advisable to utilize filtration wherever 
possible and to resort to isolation through heating only in particular 
cases and as a last resort. 

* This is true, naturally, only when the material does not contain, in addition 
to the bacteriophage and the bacteria, some other filtrable organism, such as the 
viruses of vaccinia, of rabies, of herpes, etc. In cases of this type a separation by 
filtration or ultrafiltration can not be effected, since, as we shall see, all ultra- 
viruses, the bacteriophage included, possess comparable, or possibly identical, 
dimensions. This is the case, certainly, for the ultraviruses mentioned above, 
as 8as been shown })y Levaditi.^^^ where there is an associated ultravirus separa- 
tion by heatijig may be employed, at least in those cases where the associated 
ultravirus is less resistant than the bacteriophage. In the opposite case (if, 
for example, the mixture contains an ultravirus of the mosaic group) separation 
can be accomplished by making several successive passages in the presence of a 
susceptible bacterium. Here, only the bacteriophage will multiply, and at the 
end of a ftfw passages the associated ultra virus will have been eliminated by 
dilution. 
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Technic of isolation 

The isolation of the bacteriophage may be undertaken under one 
or another of the following circumstances: 

1. The bacteriophage may be sought in a sterile fluid, for example, 
in normal blood or in an organic fluid collected aseptically. With such 
no treatment is necessary. 

2. The material to be examined may be a clear, but not sterile, liquid. 
With this, filtration will eliminate the bacteria while the bacteriophage 
passes through into the filtrate. 

3. The material may show a homogeneous' turbidity; as a bacterial 
culture. Here, direct filtration results in an early occlusion of the 
pores of the filter candle. Thus, it is desirable to resort to a prelimi- 
nary filtration. The following method of treatment is most satisfactory. 

Provide a funnel with a folded filter paper sufficiently large to receive 
at one time the entire volume to be filtered. Fill the filter with water to 
which has been added a small amount of infusorial earth. When the 
water lias passed through, the paper is left coated with a thin layer of the 
infusorial earth, thus rendering the paper less permeable. Through 
this the material to be examined is filtered prior to filtration through 
the candle. 

4. The material may be a fluid holding in suspension organic particles, 
or it may be matter more or less solid in nntiue. This is the type of 
substance most frequently examined; such as fecal material, more or 
less fluid, pasty, or solid; or excreta admixed to a greater or less degree 
with earth, organic debris, etc. In such a case it is necessary to dis- 
integrate as completely as possible the material to be examined. 

To effect such a disintegration the most simple procedure consists 
in carefully suspending the material in bouilllon, about 5 grams to 50 cc. 
of the medium, and incubating this suspension at 37°C. for from twelve 
to eighteen hours. The bacterial fermentations which ensue, because 
of the diverse organisms introduced into the medium, lead to a suffi- 
cient disintegration. Upon removal from the incubator the material 
may be treated, as indicated above, by filtration through infusorial 
earth and a candle. . 

If the material under examination contains the bacteriophage and 
has been subjected to filtration, it will be found in the filtrate. 

We will see that the bacteriophage possesses an activity manifested 
against a wide variety of bacterial species; without doubt against all. 
We will also see that against a given bacterium this activity is very 
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variable. Races of the bacteriophage may be isolated which are ex- 
tremely active, causing within a few hours a total dissolution of all of 
the bacteria contained in a culture or in a rather turbid suspension. 
On the other hand, other races may not cause any detectable dissolu- 
tion, and it is only by spreading the mixtures of bacteriophage and 
bacterium upon an agar medium that their presence can be disclosed. 
More will be said upon this point in Chapter IV and those following. 

Let us leave, for the moment, the study of these slightly active 
races and consider in these first three chapters only the typical phe- 
nomenon of bacteriophagy, that is, the phenomenon leading to a total 
dissolution of the bacteria of a young culture or a suspension of living 
organisms. 

Whatever may be the bacterial species involved, under the action 
of an active bacteriophage the phenomenon of bacteriophagy manifc.sts 
itself always in the same manner. 

But the diverse races of the bacteriophage, active upon different 
bacterial species, are more or less frequent in nature and more or less 
easy to disclose. The bacteriophage which it is always easy to pro- 
cure, in whatever place it may be found, is that which causes bacteri- 
ophagy of Shiga dysentery bacilli, and it is for this reason that, in the 
majority of the experiments to be recorded, I will take as types this 
race of the bacteriophage and this bacterium. One may isolate, with 
certainty, a race of the bacteriophage always very active against dysen- 
tery bacilli from the excreta of a convalescent from bacillary dysentery, 
often, indeed, from the fecal discharges in a case of any acute intestinal 
disease. Furthermore, such races are to be found in the excreta of 
the majority of horses and domestic fowls, even when in a normal 
state of health. 


2 . SERIAL ACTION 

The basic experiment, as recorded in the Introduction, has shown 
that the bacteriophagous principle reveals itself through bringing 
about the dissolution of bacteria. But, and this is a distinctive pecu- 
liarity of this action, it is only in proportion as this dissolution is effected 
tfiat the bacteriophagous principle, which is the cause of it, reproduces 
itself — ^multiplies. 

To demonstrate this phenomenon of serial activity a small quantity 
of bacteria are removed from a young agar slant culture and suspended 
in bouillon in such a concentration as to produce an obvious turbidity. 
A platinfim inoculating needle is then dipped in a “bacteriophage fluid” 
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and the minute quantity adhering to the wire is inoculated into the 
prepared bacterial suspension. Within a few hours the suspension 
is clear; all of the bacteria have disappeared. To all appearances they 
have dissolved in the bouillon, just as sugar becomes dissolved in 
water. At this time, a bacterial suspension, prepared as was the first, 
is made and the tip of the platinum wire is immersed in the clear fluid 
which originally was the first suspension, and thus a minute quantity 
is transferred to the second turbid suspension. Again after a few 
houre, this second suspension will in turn have become limpid. A needle 
dipped in this second cleared suspension inoculated into a third results in 
a repetition of the process. In each successive suspension the bacteria 
l)ecome dissolved, and in tliis way it is possible to continue “serial 
j)assages” of the bacteriophage principle as long as may be desired. 
After some thousands of passages comparable to those described above 
the last suspension, once it has become clear, represents a “bacterio- 
phage fluid” just as active as that originally employed to cause bac- 
terial dissolution in the first passage. By this procedure I have main- 
tained for almost ten years several particularly active bacteriophage 
races, certain of them having undergone several thousand passages at 
the expense of the appropriate susceptible bacterium. 

The phenomenon of bacteriophagy is then, in reality, a double 
phenomenon. A dissolution of the bacterial cells takes place, and, in 
the course of this dissolution, the bacteriophage principle regenerates, 
reproduces itself. 

It is unnecessary to give here experimental protocols supporting 
these statements. No one has questioned them, and, as a matter of 
fact, this entire text is simply an cxi)osition of the manner and the 
results of this reproductive capacity of the bacteriophage. 

3. ENVIRONMENTAL CONDITIONS FAVORING BACTERIOPHAGY 
General conditions 

Of the many culture media devised up to the present time none 
possess the composition requisite to the multiplication of the bacterio- 
phage. The sine qua non for multiplication of the bacteriophaUfee 
principle, thus permitting a dissolution of the bacteria, .in itself a 
direct result of this multiplication, is the medium provided by living 
bacteria. It is furthei necessary, but this is evident a priori, that the 
bacteriophage principle which one opposes to this bacterium be active 
against the latter. « 
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These two basic conditions being satisfied, it may be said that, as a 
general rule, the most favorable medium, that in which bacteriophagy 
will take place in the most perfect fashion, is that which, because of its 
composition, provides best for the development of the particular type 
of bacteria selected to undergo the dissolution. This is not strange, 
for it is not in fact in the medium itself that the bacteriophage acts 
and multiplies, it is within the bacteria themselves. The interior of 
the bacterial cell is the true and sole medium for the multiplication of 
the bacteriophage (d’Herelle*i®). This is by no means equivalent to 
saying that the composition of the medium is of no consequence, for 
all conditions which modify the state of the bacteria are reflected in 
the phenomenon, one of whose manifestations and indeed the most 
obvious one, is the dissolution of these bacteria. For example, it is 
shown by many experiments that the “critical period” in the life 
history of the bacterial cell in the presence of the bacteriophage is the 
moment of its division. But it must not be assumed that only those 
bacteria in the process of division are subject to attack. It is then, 
because of its influence upon the development of the bacteria that the 
composition of the medium has a reflected effect upon the phenomenon 
of bacteriophagy. 

All of the experiments presented in the first edition of this text* 
were carried out, except where stated to the contrary, with cultures or 
suspensions of bacteria prepared with the ordinaiy bouillon used in the 
Vaccine Laboratories of the Pasteur Institute. This is the so-called 
Martin’s bouillon, made by mixing in equal parts a beef infusion (400 
grams per liter) and a peptone solution, prepared in the laboratory by 
acid autodigestion at .W^C. of pig stomach (200 grams of minced gas- 
tric mucosa per liter). The adjustment of the reaction was effected 
by the old method, using phenolphthalein as indicator, the final reac- 
tion being - 0 to -8, which corresponds very closely to a pH of 7.6 
to 7.8. Preliminary control experiments had shown me that such a 
degree of alkalinity was best suited to the reaction (d’Hcrelle’^*), as the 
following indicates. 

Peptone water (containing 25 grams of Chassaing peptone and 5 
gfams of NaCl per liter) is neutralized to phenolphthalein. The 
medium is .then frankly alkaline to litmus. It is then distributed into 
tubes, 10 cc. to each. Hydrochloric acid is added to each tube in dilu- 
tions to form an incroa.sing degree of acidity. All of the tubes are 

• The Bacteriophage; Its lt61c in Immunity. Williams & Wilkins Co., Balti- 
more, 19221 
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planted with a concentrated suspension of Shiga bacilli, sufficient being 
added to give a normal suspension of 250 million per cubic centi- 
meter. Finally, each tube is inoculated with 0.001 cc. of the bacterio- 
phage fluid. After 24 hours the appearance of the suspensions shows a 
certain correlation to the reaction of the medium. The results are given 
in table 1. 

At the beginning of my studies I stated that bacteriophagy could 
take place in an alkaline physiological salt solution®^®'*®'. Expressed in 
this manner, it may be that this statement may not be accurate, al- 
though assuredly under these conditions a very definite, sometimes com- 
plete, clearing of the medium may be observed. Others (Davison 
Kabelik,*®®) have also observed this and have attributed, as I had 


TABLE 1 


TUBE 

REACTION TO 
PlIENOLniTilALBIN 

APPBAHAXCB OF TUB SUSPENSION 
AFTER 24 HOURS 

1 

0 

Very slight clouding 

2 

-2 

Very slight clouding 

3 

-4 

1 Limpid 

4 

~6 

Limpid 

5 

-8 

Limpid 

6 

-10 

Limpid 

7 

-12 

Lirupid 

8 

-14 

Slight turbidity 

9 

-16 

Turbid 

10 

-18 

Turbid 

11 

-20 

Turbid 

12 

-22 

Turbid 


done, the bacterial dissolution occurring in saline under the influence 
of the bacteriophage, to a typical bacteriophagy. We will return to 
this phenomenon later and consider the correct interpretation. 

Maitland®* has, however, shown that bacteriophagy may take place 
in a medium very poor in food materials, such as physiological saline 
Containing but 1 per cent of bouillon. I have substantiated this; 
under such conditions bacteriophagy undoubtedly occurs. 

Reaclion of the medium 

Unquestionably, alki^Iinity of the medium affords the most favorable 
reaction for accomplishing the phenomenon of bacteriophagy. But 
if an attempt is made to define more precisely the exact degree of 
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alkalinity that provides optimum conditions it becomes apparent at 
once that the conditions obtaining in one experiment are optimum 
conditions only for the bacterial species and the particular race of 
bacteriophage with which the experiment is performed. If another 
species of bacteria and a bacteriophage derived from another source 
are utilized the best conditions for effecting the phenomenon may bo 
quite different from those of the first experiment. 

Situations analogous to this will be observed repeatedly in the course 
of this study, and the reason for such a lack of fixed relationships is very 
obvious. Although in physics, or in chemistry, it is always possible 
to definitely fix the conditions of an experiment, to record these condi- 
tions by giving them invariable numerical expression, and to make the 
experiment entirely without regard to the past history of the chemical 
substances entering into the reaction, this is not possible in biology. 
Here, the past, the inheritance of the beings involved, constitutes a 
factor of prime importance. Moreover, this factor is always difficult, 
often impossible, to evaluate in advance. This is why two experi- 
ments in bacteriophagy, carried out under identical conditions, may 
yield different results, simply because in the two experiments the 
bacteria are of different species, or simply of different strains. Bacteri- 
ophagy is a disease of bacteria, and the aphorism, .so tnie, “there 
are not diseases, there are patients," meaning that a single disease 
may have varied manifestations according to the individual affected, is 
just as true whether the patient be a man, or whether it be a bacterium. 

In the last analysis, it is of course true, that disease represents the 
sum total of a series of purely chemical reactions, but whereas in 
chemistry a reaction can be predicted in its most minute details be- 
cause of restricted conditions, all determinable in advance, in biology 
generally, and certainly in the case with which wo are particularly 
concerned, the number of factors is so great, the majority of these 
factors being absolutely indeterminable, that it is impossible to predict 
the optimal conditions for a reaction. Only the general nature of the 
reaction can be foretold. 

jrhis concept must always be held in mind throughout the study of 
the phenomena caused by the bacteriophage. A great many authors 
have neglected these fundamental principles, with the result that many 
conflicting reports, with their attendant arguments, have appeared, 
each author assuming that he could generalize from his individual 
results. As a matter of fact, these basic facts are all-important, and 
generalization is particularly hazardous. 
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To return to the subject under consideration, that of the effect of 
the reaction of a medium upon bacteriophagy, we will see that through 
a process of adaptation it is possible to so alter the bacteriophage that 
the processes of dissolution will take place in an acid medium. A 
further discussion of this is reserved for a later section. It is mentioned 
here simply to show the complexity of the conditions contributing to 
bacteriophagy and to emphasize the impossibility of stating in a defi- 
nite manner conditions such as will provide for optimum activity 
reganlless of the race of bacteriophage involved. It is certain, never- 
theless, that in general an acid medium is but poorly suited to bac- 
tcriophagy. With the great majority of races of the bacteriophage 
the phenomenon does not take place readily when the reaction of the 
medium is acid (d’Herelle®^i). Scheidegger“* states that B. coli grows 
normally in a bouillon with a pH of 4.5, even though the bacteriophage 
is present, but under such conditions the principle is not destroyed, 
for when such a medium is rendered slightly alkaline, bacteriophagy 
occurs. 

While working with B. coli, investigating the process of bacteriophagy 
occurring under particular conditions (when a very small number of 
bacteria (simple seeding) in a peptone bouillon medium were mixed 
with an indeterminate, but very great (10 drops) quantity of a filtrate 
containing a but slightly active bacteriophage), Gi’atia®*'® noted that 
the degree of alkalinity most favorable was found in the neighborhood 
of pH 8.5. He states, however, that the phenomenon takes place in a 
slightly acid (pH 6.8) medium. Scheidegger^* also records bacteri- 
ophagy in a medium of pH 6.5. 

Those findings, together with other observations, show that the 
optimal reaction is not a constant, varying not only with the bacterial 
species and the race of the bacteriophage concerned, but differing also 
with the nature of the medium. In testing a Flexner-bacteriophage, 
acting upon its homologous bacterium, da C’osta Cruz“' showed that 
bacteriophagy could take place in Martin’s bouillon with a reaction 
of pH 6.5, but that to obtain a reaction of equal intensity in peptone 
water it was necessary to adjust the reaction to pH 8.5. 

Using a Shiga-bacteriophage in conjunction with its homolo^hs 
organism, I have shown that in a peptone water (2.5 per cent), con- 
taining 0.5 per cent of salt, with the pH at 7.5, a total dissolution of a 
normal bacterial suspension takes place in 14 hours at 37°C. At pH 
8.0 the dissolution is complete in 9 hours, and at pH 7.0 dissolution is 
only partial. • 
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A correlation of all of these findings shows, therefore, that the opti- 
mum pH varies (a) with the bacterial species involved, (b), with the 
race of the bacteriophage reacting upon it, and (c) with the composition 
of the medium in which the reaction takes place. Nevertheless, it is 
possible to say that, in general, a slight alkalinity of the medium pro- 
vides a favorable condition. Hence, unless one has in view some 
special investigation demanding particular conditions, the best medium 
for routine purposes is the ordinary peptone bouillon [with a reaction 
of pH 7.8. 

Bactcriophagy will take place in s3mthetic media provided these 
permit the growth of the bacteria against which the bacteriophage is 
to act. Here the conditions as regards alkalinity are the same as in 
liouillon. The formula for such a medium, suited to the growth of 
B. coU, as well as to some, but not all, strains of B, dymiteriac, is: 


Water 100 cc. 

Sodium chloride 0.5 gram 

Potassium phosphate 0.1 gram 

.Asparagine 0.5 gram 


The reaction to be adjusted in accord nith the experiment to be 
performed. 

Another medium, .suggo.sted by (iratia*"® for B coli is: 


Water 1000 cc. 

Glycerin ,'10.0 cc. 

Sodium chloride 5.0 grams 

Calcium chloride 0.1 gram 

Magnesium sulfate 0.2 gram 

Dipotassium phosphate 2.0 grams 

Ammonium lactate 12.0 grams 


The reaction adju.stcd to pH 7.4. 

4. EFFECT OF THE CONDITION OP THE BACTERIUM 

If we take, then, 10 cc. of this beef bouillon, containing peptone and 
salt, adjusted to pH 7.8, and .suspend some dysentery bacilli of the 
Shiga-Kruse type removed from an agar slant which had been planted 
some 18 to 24 hours previously, to provide a suspension containing 
approximately 250 million per cubic centimeter, and further, inocu- 
late this suspension with a trace (0.001 cc., for example) of a filtrate 
containing a bacteriophage very active against B. dysenieriae, we will 
find, aftei incubation at 37°C., that within a few hours, from 4 to 24, 
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according to the activity of the race of bacteriophage involved, all of 
the bacteria are dissolved, and the medium has again become limpid. 

Instead of selecting Shiga-Kruse bacilli, we could have prepared 
in the same way a suspension from a bacterium of another species, 
and combined it with a race of bacteriophage of sufficiently high activ- 
ity against this bacterium. The final result would have been the 
same; a complete dissolution of the bacterial cells and a clarification of 
the medium. 

But such a complete dissolution does not take place imder aU con- 
ditions; the state of the bacterium exposed to the dissolving principle 
is of significance. Instead of taking a suspension prepared from a 
young freshly grown culture we may inoculate the bacteriophage into 
a fifteen-day old broth culture. A clearing of the medium, a partial 
dissolution, results, but a certain degree of turbidity remains. Never- 
theless, it is possible to continue to use such a medium, making as 
many passages as may be desired. Some tube of the series when planted 
on agar or in bouillon will remain sterile, and a drop of this tube in- 
oculated into a suspension of young bacilli will cause a perfect dissolu- 
tion. In the old culture, then, the bacteriophage multiplies normally, 
although dissolution does not take place, at least, the solution is not 
complete. What is the explanation of this reaction? To answer this 
it is sufficient to compare the results of counting the total number of 
bacilli existing in an old culture (this can be done by the method of 
counting cells) with the results secured by counting the viable or- 
ganisms only (done by the plating method). For a confirmation of 
this type, a Shiga culture in Martin’s bouillon is made, incubated for 
14 hours, and allowed to stand at laboratory temperature for 15 da3rs. 
The total count of bacillary bodies will be about 625 millions; that 
of the viable bacilli, that is, those capable of yielding colonies when 
transferred to agar will be about 2 millions, in each half cubic centi- 
meter of culture. Now, as we have seen, the bacteriophage is able 
to develop at the expense of living bacteria only, these being the ones 
which are dissolved. In the old suspension which we have mentioned, 
in which there is only about one organism in three hundred which is 
capable of being dissolved, it can readily be comprehended that if the 
dissolution of a suspension be taken as a criterion, the bacteriophage 
appears to be without action. 

As a matter of fact, it is not necessary to resort to old cultures to 
find dead bacteria, for even in fresh bouillon cultures dead organisms 
will be found after as short a time as 24 houra. In a brofli culture 
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of Sh%a bacilli, after only 24 hours of incubation about one-third of 
the organisms present are incapable of producing colonies when planted 
on agar. If, on the other hand, an agar slant culture is utilized, al- 
most all of the bacteria are living after 24 hours at 37°C. A 24-hour 
liouillon culture will, then, remain slightly turbid when the bacterio- 
phagic process is accomplished, while a suspension made in broth from 
a yoimg agar culture containing the same number of bacteria will be 
perfectly limpid when the dissolution is achieved. In this last case all 
of the bacteria were living and susceptible to the attack of the bacterio- 
phage. It is for this reason that it is preferable to eflFcct bacteriophagy 
in a suspension of bacteria rather than directly in a bouillon culture. 

Certain bacteria give a homogeneous growth in a young culture in 
bouillon but when taken from agar they can be suspended only with 
difficulty. B. pestis is such an organism. When working with such 
bacteria it is preferable to have the bacteriophage act on a broth 
culture in the following manner. A bouillon tube is lightly seeded 
with the bacterium. When the culture has clouded, the bacteriophage 
active for this bacterial strain is introduced and at the same time the 
culture is diluted with an equal volume of sterile medium. This 
dilution should be made before the bacteriophage has had time to 
multiply sufficiently to parasitize an appreciable number of bacteria. 
Thus, the bacterial culture at the time of “departure” will consist almost 
entirely of young bacilli, readily subject to attack. 

The following experiment demonstrates clearly that the products of 
bacterial growth as found in an old culture, products which, as is 
well-known, inhibit the development of bacteria (fis in the so-called 
“vaccinated” medial are without effect upon the phenomenon of 
dissolution. 

Two cultures of B. dyiienteriae Shiga, the one aged 15 days, the other, 
18 hours are centrifugalized. The sediment from the first culture is 
suspended in the supernatant fluid of the second, and the sediment 
of the second culture is combined with the supernatant fluid of the 
first. Both suspensions thus formed are inoculated with a drop of 
a bacteriophage filtrate. The suspension consisting of “old” bacilli 
add “young” medium remains turbid; that of “young” bacilli and 
“old” medium becomes perfectly clear after 7 hours. 

But, although the products of bacterial metabolism are not inhibitory 
for the process of dissolution, the products of dissolution, as wc will 
see, exert quite a different action. These products are the result of 
the activity of the bacteriophagic process, and, as such, they impede 
ifjq pc.tivitv 
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Although, as has been stated above, bacteriophagy will not take place 
with dead bacteria, this does not mean that it is essential that the 
bacteria be young. Various authors (Kuttner*** first, and later Bordet 
and Ciuca®*) haAes suggested that bacteriophagy can only be effected 
when the bacterium is in process of division. That the moment .of 
division represents the most critical period for the bacterium, that 
bacteriophagy takes place much more actively when the bacteriophage 
acts on young bacteria, was stated among the very first of my reports. 
But it is none the less'true that old bacteria, certainly no longer dividing, 
can undergo bacteriophagic dissolution, as has been shown in the 
experiments presented above. Moreover, this fact has been confirmed 
by Maitland,-”® working with organisms of the typhoid-dysentery 
group, and more recently by collaborators of Bordet (Gratia and 
Rhodes®™). Gratia combined a Staphylo-bacteriophage of a very high 
potency, using an extreme dilution of the filtrate, with a suspension of 
Staphylococcus aureus, and observed, under these conditions, that bac- 
terial dissolution commenced only after about a week. The dis.solution 
was, nevertheless, complete. He concluded quite rationally that 
bacteriophagy may take place with bacteria which are no longer 
reproducing.* 

From these facts it may be deduced, in brief, that whatever the 
bacterial species, bacteriophagy may take place with a bacterium 
of any age, provided it be alive and normal. Yet, although all living 
unaltered bacteria are susceptible, the critical moment, the period 
when the bacterium is most vulnerable, is the moment of division. 

5. EFFECTS OF THE RELATIVE CONCENTRATIONS OF BACTERIO- 
PHAGE AND BACTERIA 

Let us now consider the variable characteristics attending the phe- 
nomenon of bacteriophagy when it occui-s under different concentration 

* Gratia and Rhodes even add that the reaction occurs with bacteria in process 
of disintegration, since microscopic examination showed that after a week modi- 
fied staphylococci were present. That these degenerating staphylococci had 
been dissolved is certain, since the medium ultimately became completely clari- 
fied, but to assume that the dissolution of these altered bacteria was brou^ri 
about directly, by the bacteriophage itself, is another question. This possibility 
we will have occasion to treat at some length when we consider the mode of action 
of the bacteriophage. Here, let us simply say that the dissolution of modified 
bacteria, and dead cells as well, appears to be effected through the action of 
substances which become disseminated in the medium during the course of 
bacteriophagy. n 
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relationships, such as may be provided by varying within a given 
medium the proportions of the two antagonists involved, the bacterio- 
phage principle and the bacterium to which it is opposed. 

It must be recalled that in these first chapters we.are dealing only 
with extremely active bacteriophage principles, that is to say, with 
those capable of mnpletely and permanently dissolving all of the l)acteria 
present in a medium, even though only an infinitely small quantity of 
the filtrate containing the bacteriophage principle (a millionth of a 
cubic centimeter, or less) is introduced into a definitely turbid sus- 
pension of bacteria. 

Into a constant quantity of medium, or peptone broth with a pH 
of 7.8, we may introduce, either a very few bacteria (as about one to 
each centimeter) or a very great number (several billions). On the 
other hand, whatever the number of bacteria, we may inoculate the 
suspension wth a very minute quantity of a filtrate containing the 
bacteriophage principle, as 0.000,000,000,1, or 10~^® cc.* or with a con- 
siderable quantity, as 1 cc., or, indeed, with any intermediate amount. 

Many of the experiments which I have published dealing with the 
effect of the relative concentrations in the medium of bacteria and bac- 
teriophage in their bearing upon the nature and course of the phenom- 
enon of bacteriophagy, have been repeated by many investigators, 
and in all cases their observations have been comparable to mine. It 
could hardly be otherwise; the facts are so clear-cut that doubt is 
impossible. As for the deductions inspired by these facts, questions 
bearing upon the mode of regeneration of the active principle, for 

♦ Throughout the text the logarithmic notation, the most convenient for ex- 
pressing such values, will be utilized. Despite the fact that this notation has 
been rather widely employed in recent publications, it may be unfamiliar to some. 
The following table of equivalents is therefore provided. 

10-1 =0.1 cc. (a tenth of a cubic centimeter) 

10-2 = 0.01 cc. (a hundredth of a cubic centimeter), etc. 

10-> = 0.001 cc. 

10-« =• 0.000,1 cc. 

10-» = 0.000,01 cc. 

10'* = 0.000,001 cc. 

* 10-2 = 0.000,000,1 cc. 

10-* = 0.000,000,01 cc. 

10-* = 0.000,000,001 cc. 

10-i» = 0.000,000,000,1 cc. (a ten-billionth part of a cubic centimeter) 

In brief, the negative exponent represents the number of figures at the right 
of the decimal point. It is likewise the characteristic of the log of the decimal 
fractional Aumber expressing the quantity of liquid. 
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example, discussion must be reserved for a later chapter. For the 
time being let us simply treat of the macroscopic appearance of the 
phenomenon; let us describe only those things that can actually be 
seen. • 

It may be well, however, to consider at once the significance of the 
distinction made by certain authors between what they term a “proc- 
ess of inhibition’^ and a “process of bacteriolysis.” This distinction 
is based upon whether the bacteriophage principle is inoculated into 
a medium simply seeded with susceptible bacteria or whether it is 
introduced into a cloiidy suspensioyi of these bacteria. Such a differen- 
tiation implies that in the first case growth does not occur, the bacterio- 
phage seems to “inhibit” multiplication, while in the second case the 
turbid medium becomes perfectly clear after the complete dissolution 
of the bacterial bodies. 

As a matter of fact, it is difficult to conceive how the two cases can 
possibly be considered as distinct. For whatever may be the actual 
number of bacteria present in a medium the phenomenon is exactly 
the same, the course of the reaction is the same, and the end result, a 
complete dissolution of the bacteria present, is the same. It is very 
obvious that if the number of bacteria is so small that the medium 
appears clear from the beginning (as in a simple seeding) the medium 
will show no change, it will remain clear, for the few bacteria present 
will be dissolved. If, on the contrary, because of the enormous num- 
ber of bacteria present, the medium was clouded or turbid at the out- 
set, that is, at the time when the bacteriophage was inoculated, it 
becomes limpid only when all of the bactena have been dissolved. In 
one case, just as in the other, the same phenomenon has taken place, 
the action of the bacteriophage has been of the same nature. A con- 
sideration of the different cases which we will present will leave no 
doubt upon this point; a basic and valid distinction between an “in- 
hibition” and a “bacteriolysis” is impossible. Under both conditions 
as to quantity the phenomenon is qualitatively the same. 

Limits of bacteriophagy 

Let us repeat once more that all of the exj)eriments presented in this 
first chapter deal with the typical phenomenon of bacteriophagy, that 
is, with that which takes place through the intervention of an extremely 
active bacteriophage. T^o enter upon a study of bacteriophagy using 
races of the principle having but slight activity is simply to willfully 
invite difficulties, both in experimental procedure and in interpret^ion. 
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Having in mind the effects of variations in the relative concentra- 
tions of the factors involved in bactcriophagy, we may first consider 
the maximum concentration of bacteria permitting the return of the 
medium to a limpid state, in other words, what tho maximal quantity 
of bacterial cells is which is capable of being dissolved in a given quan- 
tity of fluid. 

The following experiments show the situation as regards B. dysen- 
teria Shiga. Comparable results have been secured with Flexner and 


TABLE 2 


IXITI.\L NUMBER OP 
BACTERIA PER 

QUANTITY OP 
BACTERIOPHAGE 

.APPEARANCE OF THE MEDIUM AFTER 

CUBIC CENTIMETER 

FILTRATE 

INOCULATED 

24 hours 

48 hours 

5,000 million 

CC. 

0.1 

Turbid 


2,000 million 

0.1 

Cloudy 


1,000 million 

0.1 

Slightly cloudy 


500 million 

0.1 

Clear 


1,000 million 

0.01 

Cloudy (150) 

Cloudy (100) 

900 million 

0,01 

Cloudy (150) 

Cloudy (100) 

800 million 

0.01 

Cloudy (100) 

Cloudy (50) 

700 million 

0.01 

Cloudy (50) 

Clear 

GOO million 

0.01 

Cloudy (50) 

Clear 

500 million 

0.01 

Clear 

Clear 

400 million 

0.01 

Clear 

Clear 

300 million 

0.01 

Clear 

Clear 

200 million 

0,01 

Clear 

Clear 

100 million 

0.01 

Clear 

Clear 

50 million 

0.01 

Clear 

Clear 

25 million 

0.01 

Clear 

Clear 

10 million 

0.01 

Cle&r 

Clear 

5 million 

0.01 

Clear 

Clear 

1 million 

0.01 

Clear 

Clear 


with Hiss strains. The experiments presented in tables 2 and 3 are 
conducted in 10 cc. of a salt peptone bouillon at a pH of 7.8. The 
figures in parentheses indicate the opacity of the cloud in the medium, 
expressed in millions of bacteria i^er cubic centimeter, as determined 
by comparison with titrated control suspensions. The incubation is 
carried out at 37°C. 

The last three tubes, because of the small quantity of bacteria 
suspended in the medium, were clear at the beginning of the experi- 
ment. • They remained so of necessity. 
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When this experiment was repeated, under certain modifications, 
such as vaiying thg quantity of bacteriophage filtrate within the limits 
between 1 and 0.001 cc., the results were identical, despite the fact 
that different strains of B. dysenteriae were used. Three different 
races of Shiga-bacteriophage, all of maximal activity, have likewise 
given results practically identical. 

Results of the same nature as those recorded above are shown in 
the next experiment (table 3) in which a highly active Staphylo-bac- 
teriophage acts upon Staphylococcus avreus. Here again, incubation 
is at 37“C. 


TABLE 3 



QUANTITY OF 

APPEARANCE OP THE MEDIUM AFTER 

NUM|1SR OF STAPHYZiOCOCCl 

BACTERIOPHAG B 



I'EK CUBIC CENTIMETER 

INOCULATED 

24 hours 

48 jtours 

1,000 million 

CC. 

0.05 

Cloudy 

Cloudy (100) 

750 million 

0.05 

Cloudy 

Cloudy (50) 

500 million 

0.05 

Cloudy (200) 

Clear 

250 million 

0.05 

Cloudy (100) 

Clear 

100 million 

0.05 

Cloudy (50) 

Clear 

50 million 

0.05 

Clear 

Clear 

25 million | 

0.05 

Clear 

Clear 

10 million 

0,05 

Clear 

Clear 

1 million 

0.05 

Clear 

Clear 

100 thousand 

0.05 

Clear 

Clear 

10 thousand 

0.05 

Clear 

Clear 

1 thousand 

0.05 

Clear 

Clear 

1 hundred 

0.05 

Clear 

Clear 

ten 

0.05 

Clear 

Clear 


The suspensions containing less than 10 million staphylococci per 
cubic centimeter were clear from the beginning of the experiment, 
and they remained so indefinitely. After a month of standing at room 
temperature the tubes were returned to the incubator for 48 hours. 
No change in appearance resulted j the aspect remained as when original- 
ly removed from the incubator, the first two \frere cloudy, all of the 
others were clear. • 

The maximum number of bacteria capable of being dissolved in the 
medium is the same, whether the total number is introduced at one 
time at the beginning of che experiment, or whether the organisms are 
added in several fractions. This is shown by the follow'ing experiment, 
performed with B. dysenieriae. A salt peptone bouillon mcdi»n, ad- 
justed to pH 7.8 is used. Incubation at 37“C. 
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A suspension of 250 million of bacilli per cubic centimeter is inocu- 
lated with 0.0001 cc. of a bacteriophage filtrate. After 14 hours the 
dissolution of the bacteria is complete, the medium being clear. At this 
time, a concentrated suspension of young bacilli is added to this clear 
medium in such a way as to restore the titre to 250 million per cubic 
centimeter. Seven hours later the medium is again limpid, all of the 
bacteria having been dissolved. Another addition of a new quantity 
of concentrated suspension is made, again yielding a turbidity cor- 
responding to 250 million bacteria to each cubic centimeter. This 
time, after 48 hours, the medium is still slightly cloudy. 

To this medium, not entirely clear, a further addition of concentrated 
bacterial suspension is made, restoring the turbidity to the equivalent 
of 250 million bacteria per cubic centimeter. Eight days later the 
medium has cleared somewhat, but it is still definitely cloudy. How- 
ever, plantings made from it upon agar and into bouillon remain 
sterile. 

As is seen, whether the bacteria were present in the medium from 
the beginning, or whether they were introduced by fractions in the 
course of the action, the dissolution was complete only for quantities 
below approximately 700 millions per cubic centimeter of medium. 
Later we will have more to say about the cause which operates to 
hinder dissolution of more than a certain number of bacteria per unit 
volume of fluid. 

These experiments reveal the fact that the bacteriophage principle 
is able to effect a complete dissolution of the bacterial cells in suspen- 
sion in a medium propitious for bacteriophagy when the medium con- 
tains from one to 700 million bacterial cells per cubic centimeter. 
Within certain very wide limits the (}uantity of bacteriophage filtrate 
necessary to inoculate to cause this dissolution is a matter of no moment; 
the course of the action and the final result of the phenomenon is the 
same, whether the amount inoculated is 1 cc. or 0.001, to 10 cc. of 
medium. 

The total number of bacteria which may undergo a complete dis- 
solution under the action of a very active bacteriophage appears 
to vary with different species of bacteria. As has been seen above, 
the maximum is about 700 million for B. dysenteriae, whether it be 
Shiga, Flexner, or Hiss, and for the staphylococcus, whether it be albus, 
aureus, or citreus. With B. coli, B. typhosus, and B. paraiyphosm A 
and B, a complete dissolution has been obtained with quantities of 
350 million per cubic centimeter of medium but not of higher concen- 
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trations. For B. gaUinarum and the different Pasteurella oi^anisms, 
the maximum titre is the same. With B. pestis, it has been impossible 
to go above a limit of 200 million per cubic centimeter. But here we 
must bear in mind that with B. dysenteriae and the staphylococcus, 
except for the extremely active races of the bacteriophage, the maxi- 
mum number capable of complete dissolution is only 350 to 400 million 
per cubic centimeter, and it is quite possible that for B. coli, B. typhosm 
B, pestis, etc. a complete dissolution of more concentrated suspensions 
might be obtained with races of the bacteriophage still more active 
than those which I have isolated and worked with up to the present 
time. 

In bacteriophagy all is relative; all depends upon the aptitudes, the 
qualities, of the race of bacteriophage with which one is w'orking. Too 
many authors seem to forget this. 

Limits of activity of the bacteriophage principle 

What arc the maximum and minimum quantities of the bacterio- 
phage with which bacteriophagy can be effected? 

The phenomenon takes place if bacteria arc suspended in an undi- 
luted bacteriophage filtrate. It is unnecessary to supi>ort. this state- 
ment by citing experiments, particularly since those described upon 
the preceding pages demonstrate this adequately. They show that 
it is possible to add a new quantity of bacteria to a medium resulting 
from a complete dissolution of bacteria and that they are in turn 
entucly dissolved. 

Experiments upon the lower limit are more interesting. Let me 
say once more that the condition portrayed here applies only to races 
of the bacteriophage having a high potency.* 

* Although to some, these rcpetilions may appear quite uncalled for, experience 
shows that they are necessary. For many workers, carrying out their experiments 
under conditions other than those which I h.ave indicated have obtained results 
differing from mine (it could hardly be otherwise) and have, upon this basis, felt 
warranted in contradicting my experimental findings. For example, and this 
example is selected from among many others, several investigators, early in thetr 
studies, have affirmed that the dissolution of bacteria is never complete, a con- 
clusion reached simply because of the fact that they used a bacteriophage of but 
little activity. It is true that they have later recognized that a total dissolution 
occurs, a fact which today is unanimously accepted. But despite the fact that 
these authors have later revised their conclusions, it would have been somewhat 
more logical to have worked first under the conditions as I described *>»»>» This 
would have rendered imnecessary a subsequent retraction. 
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We may consider first the reaction as it develops in suspensions of 
low bacterial content, for example, in a suspension containing 1 million 
Shiga bacilli per cubic centimeter. Let us inoculate a series of tubes, 
each containing 10 cc. of such a suspension, with decreasing quantities 
of the Shiga-bacteriophage as indicated in table 4. The results, ex- 
pressed by the macroscopic appearance of the tubes at different inter- 
vals will be as indicated. 

The figures within the parentheses indicate the opacity of the cloud, 
by comparison with control tubes containing titrated suspensions of 
formolized Shiga bacilli. Further experiment showed that tube 11 did 
not contain any of the bacteriophage principle. 


TABLE 4 


TUBE NUMBER 

QUANTITY OK 
BAfTBRIOPlI.\GE 


APPEARANCE AFTER 



INOCULATED 

4 hours 

5 hours 

6 hours 

18 hours 

1 

CC. 

10-1 

Clear 

Clear 

Clear 

Clear 

2 

10--* 

Clear 

Clear 

Clear 

Clear 

3 

10-3 

Clear 

(?) 

Clear 

Clear 

4 

10- 

(?) 

(25) 

(?) 

Clear 

5 

10- » 

(?) 

(25) 

(25) 

Clear 

6 

10- « 

(?) 

(50) 

(25) 

Clear 

7 

10-7 

(?) 

(75) 

(50) 

Clear 

8 

10- 8 

(?) 

(75) 

(75) 

Clear 

9 

10- » 

(?) 

(75) 

(100) 

Clear 

10 

10-10 

(?) 

(76) 

(100) 

Clear 

11 

10-^^ 

(?) 

(75) 

(100) 

Cloudy 


(?) = clouding doubtful; if any, very slight. 


Let us repeat this experiment, under the same conditions, except 
that we will combine the same series of dilutions of the bacteriophage 
filtrate with a suspension containing 100 million bacilli per cubic centi- 
meter, that is to say, with a definitely cloudy suspension rather than 
with one having but 1 million organisms per cubic centimeter. As 
will be seen, the ultimate results are entirely comparable to those 
dbtained with the less concentrated bacterial suspension (table 5). 

The following experiment (table 6) shows that the general course 
of the process of bacteriophagy is the same if it is performed with a 
Staphylo-bacteriophage in decreasing amounts combined with a sus- 
pension of the staphylococcus. Here, each tube contains 10 cc. of a 
suspenswn of Staphylococcus aureus in a salt-peptone bouillon, adjusted 
to pH 7.8. Incubation is at 32°C. 
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The experiments presented above reveal the following facts: 

The final result of the phenomenon, that is to say, the total dissolu- 
tion of the bacterial cells present in the suspension, does not depend 
upon the quantity of the bacteriophage filtrate inoculated into the 
suspension (d’Herelle®‘®). We shall see, however, that although 


TABLE 6 


TUBS 

QUANTITY OF 
B ACTE RIO- 

APPEARANCE A^FTBR 

IfUMBBR 

FHAOK 

INOCULATED 

4 hours 

5 hours 

6 hours 

24 hours 

36 hours 

1 

ce. 

10-1 

(100) 

(75) 


Clear 

Clear 

2 

10- * 

(125) 

(100) 


Clear 

Clear 

3 

10-3 

(125) 

(125) 


Clear 

Clear 

4 

10- * 

(125) 

(125) 

(100) 

Clear 

Clear 

5 

10- » 

(125) 

(125) 

(125) 

Clear 

Clear 

6 

10- « 

(125) 

(150) 

(150) 

Clear 

Clear 

7 

10-^ 

(125) 

(200) 

(175) 

Clear 

Clear 

8 

10-8 

(125) 

(200) 

(200) 

Clear 

Clear 

9 

10-8 

(125) 

(200) 

(250) 

Clear 

Clear 

10 

10-10 j 

(125) 

(200) 

(300) 

(100) 

Clear 

11 

10-11 

(125j 


(175) 

Cloudy 

Cloudy 


TABLE 6 



QUANTITY OP 

APPEARANCE OF THE BUSPENSlOVa AFTER 

TUBE NUMBER 

BAGTEHIOPUAQE 





INOCULATED 

6 hours 

18 hours 

24 hours 

60 hours 

1 

CC. 

10-2 

(125) 

Clear 

Clear 

Clear 

2 

10-8 

(150) 

(25) 

Clear 

Clear 

3 

10-8 

(150) 

ncG'. 

(25) 

Clear 

4 

10-8 

(150) 


(200) 

Clear 

5 

10-10 

(150) 



Clear 

6 

10-“ 

(150) 

(350) 

(350) 

Clear 

7 

10-12 

(125) 



Cloudy* 


♦Tests showed that this tube did not contain any of the bacteriophage 
principle. , 


quantity is a negligible factor, the quality of the bacteriophage is the 
most important feature of the phenomenon. 

The only influence exerted by the quantity of the bacteriophage 
principle inoculated is in the time required for the completion of the 
phenomenon (Kuttner;®*” d’Herelle’*®). • 
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Between the smallest quantity of the bacteriophage filtrate capable 
of provoking bactcriophagy and the amount immediatel 3 ^ below this 
a partial effect is not obtained. The action is complete or there is no 
activity at all (d’llcrelle'*^®;. 

The smallest quantity of bacteriophage filtrate, of a maximum 
activity, capable of causing bactcriophagy in a suspension of dysen- 
tery bacilli, is in the neighborhood of a ten-billionth of a cubic centi- 
meter (d’Herello^^^). 

Against the sta})hylococcus, the smallest quantity to be active is 
even less; in the experiment given above, about one hundred-billionth 
of a cubic centimeter, that is, about 10 cubic micra (d’llerelle). 

Ellis has stated/^'^ altliough he presents no protocols to demonstrate 
the fact, that if two bacterial sus])ensions are inoculated with the 
bacteriophage, one with a large quantity, the otlior with but a small 
amount, bacteriophag}" will not take place (Hpially in })oth, that is, 
dissolution will be onl^^ pai tial in the first, and complete in the second 
case. Even more re(‘entl\’ (lohs has reported the following results 
obtained with a bacteriophage filtrate which had been preserved for 
a year. When tlie quantity of filtrate used varied between 
nTTcTooTinro ^ l)acteriophagy was complete; while when the 

quantity of filtrate used was lrt)m o dro])s to ^ drop the 

bacteria remained alive. It is indeed diflicnlt to reconcile results of this 
type with the man>" o\[)crimenls which 1 have made; experiments in 
which the filtrates have varied in age from those used immediately 
after preparation to those w hich had been held for several months and 
even several years, and in wliich all of the other conditions contribu- 
tory to the process of dissolution have been varied in all directions. 
It w^ould seem that experimental error, something such as an iuter- 
changing of tubes, must have occurred. 

G. INFLUENCE OF PHYSICAL CONDITIONS 

Action of heat 

^ As a general rule it may be said that bactcriophagy may always, 
take place at that temperature which is the most favorable for the 
development of the bacterium subjected to the action of the bacterio- 
phage. This is not equivalent, however, to saying that this temperature 
is that at which the phenomenon is effected at the greatest rate. More- 
over, th)^ phenomenon may occur at temperatures very remote from 
the optimum growth temperature of the bacterium. 
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We may here state what has been demonstrated in this connection 
up to the present time for different bacteria when subjected to the 
action of homologous races of the bacteriophage. 

B. typhosus. * Bacteriophagy takes place at temperatures up to 
41°C.; it is even more active at this temperature than at 37° (Kuttner®*®). 
The phenomenon does not take place at 45°C. (Kuttner*®*). 

B. dysenteriae. A complete dissolution of dysentery bacilli takes 
place at temperatures between 8° and 41°C. (d’Herelle®®^, but the time 
required for the end result to be attained is very variable. 

Three tubes, each containing a normal suspension of Shiga bacilli* 
are inoculated with 10~® cc. of a filtrate containing the bacteriophage. 
These tubes are placed, one at 8°C., one at 22°, and the third at 37°. 
Subsequent examination shows that in the suspension held at 8° the 
bacteria have been completely dissolved after IG days. In the one 
held at 22° dissolution is complete after 25 hours. In the one kept at 
37° the dissolution is complete after 13 hours. 

B. peslis. Two races of the bacteriophage have been tested against 
a single .strain of B. pestis. In both cases the maximum temperature 
limit for complete dissolution was 41°, with the optimum temperature 
at 37°C. 

Staphylococcus. Against a single strain of Staphylococcus aureus 
two different races of staphylococcus bacteriophage were tested; 
the firat, race II, caused a complete dissolution at temperatures up to 
43°(.‘., the other, race B, only up to 41°. The optimum for the first 
was at about 32°, for the second at about 3G°C. 

13. coli. Doerr and Gruninger'®* have reported that bacteriophagy 
of B. coli does not take place at 43°, despite the fact that the strain 
of B. coli used by them dcveloiicd at this temperature. It seemed, 
indeed, from their experiments that the bacteriophage, acting under 
such conditions of temperature, totally disappeared from the medium . 
at the end of 5 to 7 hours. In attempting to verify this experiment, 
the results of which appeared to be rather unusual, I obtained entirely 
different results. Details of these experiments follow. The B. coli, 
strain H, was tsolaled from a case of cystitis. The bacteriophage, 

* Wken, in the description of an expernnent the volume of a suspension is not 
stated. It should always be understood to be 10 cc. In the same way, in order to 
avoid repetitions such as would make the explanation unnecessarily long, unless 
indicated to the contrary, the culture medium is a beef bouillon (400 grams of 
muscle extracted per liter) with 1 per cent of peptone and 0.8 per cenc of salt. 
The reaction is adjusted t ' a pH of 7.8. • 
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race c, was isolated from the stools of a patient convalescent from 
Asiatic cholera. The niedium was prepared with Liebig’s meat ex- 
tract, containing 0.5 per cent of salt and 1 per cent of peptone. The 
reaction was adjusted to pH 7.6. 

I. The water-bath was regulated to maintain a temperature of 
45‘’C. 

Ten cubic centimeters of a suspension of B. coli, 100 million per 
cubic centimeter, were inoculated with 0.02 cc. of bacteriophage 
filtrate. 

After 1 hour the opacity was equivalent to 100 millions per cubic 
centimeter. 

After 2 hours the opacity was equal to 75 millions. 

After 3 hours the medium was clear; dissolution was complete. 

Control 1 ; the same suspension, but uninoculated with the bacterio- 
phage. After 1, 2, and 3 hours at the same temperature of 45°(’. 
there was no change. The opacity of the supension remained the 
same as at the beginning. 

Control 2; bouillon simply seeded with B. coli. After 3 hours at 
45°C. the medium was clear; througliout a period of 3 hours at this 
temperature there was no obvious development. 

II. The water-bath was regulated to maintain a temperature of 
46°C. The conditions were the same as for the preceding; 10 cc. of a 
suspension of B. coli, 150 million per cc., inoculated with 0.05 cc. of 
bacteriophage filtrate (a filtrate of the suspension dissolved at 45° in 
the preceding experiment). 

After 1 hour the opacity was equal to 1 50 millions per cubic centimeter. 

After 2 hours the opacity was the same. 

After 3 hours the opacity was equal to 100 million. 

After 3i hours the opacity corresponded to 50 million. 

After 4 hours the medium was clear; dissolution was complete. 

Control 1; bouillon simply seeded with B. coli, without the addi- 
tion of the bacteriophage. No development occurred within 4 hours. 
The medium remained as it was at the beginning of the experindteBt, 
iqjimediately after seeding. 

Control 2; suspension of 150 millions per cubic centimeter, without 
bacteriophage. The turbidity was the same after 1, 2, 3, and 4 hours 
as at the beginning. The culture showed no evidence of bacterial 
multiplication. 

III. The water-bath was regulated to maintain a temperature of 
47°C. "[fhe procedure was the same as. that given above. 
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After 6 hours the turbidity waa the same as at the beginning. Bac- 
teriophagy had not taken place. But the bacteriophage was not 
destroyed, for a drop of this suspension spread upon agar failed to yield 
a growth after incubation. Nor were the bacilli killed, for the inocula- 
tion of a drop of the control suspension, uninoculated with the bacterio- 
phage, yielded a growth of B. coli. 

These experiments, therefore, justify the conclusion that under the 
conditions under which they were performed bacteriophagy is effected 
up to temperatures of 4G''C., and that at this temperature it is very 
rapid indeed, even more rapid than at 37°C. 

It is difficult to explain the results obtained by Doerr and Gruninger. 
But one possibility suggests itself, namely, that their results were due 
to the unintentional use of an acid bouillon as culture medium, or, which 
would amount to the same thing, to the use of a medium containing 
sugar and rendered acid by the fermentation caused by the colon 
bacilli. This possibility is suggested to explain the destniction of the 
bacteriophage at this temperature. As for the absence of bacteri- 
ophagy at this temperature (4.3 °( '.) it is readily explained by the fact 
that the temperature limit varies with the race of bacteriophage em- 
ployed. For example, in so far as B. coli is concerned, using the same 
strain as that which was employed in the experiments pre\nously cited, 
but using a bacteriophage of a different race (isolated from the feces 
of a convalescent from typhoid fever) the dissolution of the bacilli 
was not complete at 42°; at 4.3° it did not t-nkc place at all. 

In bacteriophagj' it is vain to undertake to establish rigid rules 
(there are some who oven sjjoak of “laws”) fixing with an air of finality 
the conditions of the phenomenon. What is true for one race of the 
bacteriophage is not necessarily true for another. “I have isolated 
several hundred strains of this bactericidal “principle,” and I have 
not yet found two which were absolutely identical.” These words 
appeared in one of my first publications,®*® and it is indeed unfortunate 
thit those who have since worked with the phenomenon have been 
i^j^ble to comprehend their true meaning, since had they done so 
they \yould have refrained from stating many “rules” which further 
investigation has not confirmed. * 

The single method to follow, — indeed, the sole logical procedure if 
one wishes to determine as exactly as possible any one of the conditions 
of bacteriophagy, ^is to execute a large number of experiments, utiliz- 
ing different bacterial species and even different strains of the same 
species, combining each one of them with several races of thfi bacteiio- 
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phage. The results thus obtained will show the extreme limits within 
which the phenomenon can occur, and it will show at the same time 
how vain it is to attempt, from a single experiment, to fix the limiting 
conditions or the optimal conditions for the reaction, .unce these vary 
for each race of the bacteriophage which acts, and for each bacterial 
strain subjected to its action. 

As far as temperature relationships are concerned, experiment demon- 
strates that the minimal temperature permitting a typical bacteri- 
ophagy, that is to say, the lowest temperature at which the final result 
is a complete dissolution of all of the bacterial cells contained in a 
suspension subjected to test, is found at about 8®C. (with B, dysen- 
tei'iae, d'Herelle'^-^). The maximum temperature observed up to the 
present time is (with B, colij d'llerellc). This by no means 

implies that subsequent experiments will not extend these limits. 

I have specifically stated that these limits are those which are com- 
patible with a total dissolution of the bacterial cells. Above and below 
these limits bacteriophagy may still be effected, but the dissolution is 
only partial. Having available a race of bacteriophage, active against 
B. dysenteriaej whose upper limit for total dissolution was it 

has been possible to effect several serial passages at 4T^, in spite of the 
fact that at this temperature a dissolution of the l>acteria could not 
be detected macroscopically. But des{)iie this apparent la(*k of activity 
bacteriophagy took place, since the active principle, the bacteriophage, 
regenerated itself, and this in itself affords proof that destruction had 
not taken place. 

As regards the optimal temperature, that is to say, that at which 
the phenomenon manifests itself most quickly and most completely, 
basing my statements upon the results of my experiments with B. 
dysenteriae and B. typhosiifij I had concluded that the temperature most 
favorable for bacteriophagy was that which was likewise hiost favorable 
for the development of the bacteria. The results of many subsequent 
experiments, performed with a variety of bacterial species, indicate 
that this conclusion may have been too restricted. As a general rule, 
the statement is certainly true for the bacteriophagy of B. dysenteriae 
and B. typhosus^ but it is not equally true for all other species of bacteria. 

The optimum growth temperature for several different strains of the 
staphylococcus with which I have worked has been found to be at 
about 37 to 38®C. With three different races of the bacteriophage 
the reaction was effected with these strains in a perfect manner at 
between S2 and 34°C., with another race of bacteriophage complete 
dissolution occurred only at ZTC. 
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Several of my laboratory strains of B. pestis have an optimum 
growth temperature of 32 to 33°C. Two races of the bacteriophage 
acted upon these cultures most vigorously at temperatures of 37 to 
38°C. 

With B. colt, we have seen that, at least with certain races of the 
bacteriophage, an extremely rapid dissolution occurs at a temperature 
of 46°C., under conditions where the development of the colon bacilli 
did not take place, or at least where it was so slow that it could not be 
detected in control suspensions not containing the bacteriophage. 

Pressure cmdilions 

According to experiments which I have carried out with B. dysen- 
teriae, it would appear that bacteriophagy occurs as actively ia vacuo 
as under normal atmospheric i)rcssure.*-‘ Various authors, Wollstein 
in particular, have reached this same conclusion. 

Viscosity of the medium 

Doerr*” has stated that in a bouillon medium the addition of an 
adequate amount of gelatin prevents dissolution of the bacteria by 
the bacteriophage. The experiment upon which he based this con- 
clusion was performed with B. coli. In collaboration with Berger,^*’ 
Doerr reconsiders this statement, modifying consider bly the rigor 
of his first conclusions, lie oVi.servcs that it ib necessary that the 
medium contain a certain quantity of gelatin in order to prevent the 
dissolution of the bacteria, and that the dissolution is the less as the 
concentration of the gelatin is increased. Agar acts in the same way. 
On the other hand, the greater the concern ration of the bacteriophage 
present, the higher must be the content in gelatin to prevent the dis- 
solution. But despite this inhibitoiy effect the bacteriophage is still 
capable of acting upon the bacteria even in media with very high 
concentrations ol gelatin, for, as he showed, the principle reproduced in 
such a medium. Consequently bacteriophagy must have taken place. 

In a stries of independent investigations Nakamura has studied the 
effect of substances having properties analogous to those of gela^ 
tin/esa * He showed that gum tragacanth, or salep, e.xerted an in- 
fluence upon bacteriophagy comparable to that of gelatin. The 
sugars also, but to a less degree, interfei-ed with the process. It is 
significant that he observed that all races of the bacteriophage do not 
behave in the same way. With some the activity is but slightll^ modi- 
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fied by the introduction of gelatin into the medium; with others, on 
the contrary, the same medium prevents multiplication completely. 
Brutsaert^^® has confirmed this observation. 

Again and again we are confronted by the safiie conclusion: the 
most important factor in bacteriophagy is the quality of the bacterio- 
phage under consideration. 

A final explanation for the inhibitory action of gelatin has been 
provided by Hauduroy."®- He states, ''It is solely the high viscosity 
of the medium containing gelatin which interferes with the production 
of the phenomenon.’^ lie showed, in fact, while working wdth several 
substances, such as the gums and egg allmmin, having the property of 
augmenting vis(*osity, that the inhibition is a direct expression of the 
vdscosity, quite unrelated to the chemical nature of the viscous sub- 
stance. To attribute this inhibition of bacterio[)hagy to anything 
other than a reaction between colloids, allied to other reactions of this 
type, is impossible. In no case is the bacteriophage destroyed. After 
a period of contact of any duration it is only necessary to dilute the 
medium with bouillon, thus diminishing its viscosity, to permit the 
inception of the jn’oeess of dissolution. 

Certain experiments which I have made, confirming fully these 
conclusions of Ilauduroy, may be mentioned. 

To 10 cc, of a p(q)tonc bouillon containing 0.8 per (*.ent salt, is added 
20 per cent of gedatin. The pii is then adjusted to 7.8. With the 
medium at a tem[)eraturc of ^Maphulococvu.s (lureus is introduced 

to give a concentration of about 200 million organisms per cubic centi- 
meter. It is then inoculated with O.Oo cc. of a highly active bacterio- 
phage filtrate, that is, witli oiuj capable of regularly causing a total and 
peimanent dissolution of a normal suspension in bouillon. Alter incu- 
bation for 0 days at the medium was perfectly limpid, dissolu- 

tion was complete. In a control mixture in plain bouillon, without 
gelatin, dissolution was com])leted in 24 hours. The conclusion is 
obvious. When added in a sufficient quantity to a medium in which 
bacteriophagy should bo cfTectod, gelatin completely inliibits the 
^action of races of the bacteriophage of low activity, while for more 
potent races the process is retarded, and the number of bacteria, dis- 
solved is the greater as the bacteriophage is the more powerful.* With 

^ With the acquisition of a resistance by a portion of the bacteria, an acquisi- 
tion favored by the delay associated with the viscosity of the medium, we are not 
now concerned, yet in this connection tlie retardation is of con,siderable signifi- 
cance.* This feature of the reaction will receive further attention when we deal 
with the behavior of the bacterium toward the bacteriophage. 
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races possessing a maximum activity all of the bacteria are destroyed 
and dissolved. The r61e of gelatin, in the last analysis, consists solely 
in altering the rate of the phenomenon, that is, in extending the dura- 
tion of the action. * 

All neutral substances, which possess the property of augmenting 
viscosity, affect the phenomenon of bacteriophagy as does gelatin, 
and the intensity of this effect is in direct proportion to the viscosity 
of the medium. 

In the particular case under consideration the course of the phenom- 
enon is regulated by variations in two factors, the degree of activity 
of the bacteriophage involved, and the viscosity of the medium. 

7. EFFECT OF THE CHEMICAL CONDITIONS OF THE MEDIUM 

Colloids 

have seen that gelatin, and this is also true for the gums and 
for egg albumin, have of themselves no effect upon bacteriophagy. 
It is only when such substances are added to the meilium in a quantity 
sufficient to significantly augment the viscosity that they exert an 
effect, and even then this effect is simply a retardation of the action, 
('ertainly this is the case when a potent bacteriophage is used. 

It is of interest, in comparison with the above, to oliscrve the effect 
exerted by a colloid which does not modify the viscosity of the medium 
to whicih it is added and wliosc action, if any, must I-.' due to properties 
inherent in the colloid itself. J-’or this purpose 1 have chosen colloidal 
silver (collargol, Clin, as provided in ampoules for purposes of injection) . 

The following experiment indicates the nature of the effects with 
such a colloid. To 8 cc. of licbig’s extract bouillon, made up with 
1 per cent of peptone and 0.8 per cent of .-.alt (reaction pH 7.6) collargol 
is added. Three tubes are prepared. The mixtures are implanted 
with a heavy suspension of Stajdiylococciu's aureus derived from a young 
culture, the final concentration being 100 million organisms per cubic 
centimeter. Each of the suspensions is then inoculated with 0.02 cc. 
of a Staphylo-bacteriophage, and the tubes are incubated at 32®C. 

The appearance after 24 houre is as follows; 


TUBS NUMBBR 

AMOUNT OP COLLARQOL ADDED 

APPEAKANCB AFTER 24 HOURS 


CC, 


1 

0.5 

Clear 

2 

1.0 

Clear 

3 

2.0 

Clear 
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Control tubes, lacking the bacteriophage filtrate, show that the staphy- 
lococcus develops normally in bouillon containing these quantities of 
collargol. 

Under such conditions bacteriophagy proceeded Aormally, as rapidly 
and in as complete a manner, as in plain bouillon, even though the 
colloidal silver added (2 cc.) was sufficient to give the medium such a 
deep brown color that it was impossible to see and read print through 
the layer of fluid. 

As an incidental finding, the following observation is interesting 
and is in some degree significant. In the control tubes, containing the 
same quantities of collargol and the same suspension of staphylococci, 
but without the bacteriophage, after incubation for 24 hours the col- 
loidal silver was completely flocculated, forming a Uack precipitate 
on the bottom of the tube. In the suspensions inoculated with the 
bacteriophage 7io flocculation took ‘place, the liquid remained perfectly 
clear after bacteriophagy, i^rcKsenting the same aspect as a tube of 
sterile bouillon to which a comparable amount of collargol was added. 

This ox[)eriment has been repeated with B, dysenicriae with the 
same result. 

In another series of experiments 1 have used the dry colloidal silver 
of Heyden, bearing the trade name 'ollargolum stcril.^’ To 10 cc. 
of culture medium (the same as that used above) 5 rngm. of the dry 
collargolum are added, and then enough of a thick suspension, prepared 
from a young agar growlh, of cocci to yield a count of 200 million per 
cubic centimeter. Finally, O.Oo cc. of a Htaphylo-imcteriophago filtrate 
is added. After 30 hours bacteriophagy is complete; the medium is 
al:)Solutely clear and of a deep red-brown color. A drop of this spread 
upon agar yields no growth. 

If performed with B, dymnlcriae this experiment gives the same 
result. 

As a check on these results, it is found that B, dyf<entcriae, and the 
staphylococcus as well, grow perfectly well in bouillon containing 
colloidal silver in the amount employed in the above experiment. 
The statement is very freciuently made that colloidal silver is a power- 
ful antiseptic. It would seem to be a fair (lucstion to ask how experi- 
ments should be conducted to demonstrate this fact. Unquestionably, 
several authors have T)ublished experiments tending to show that the 
bacteriophage is destroyed by the presence of negative colloids, of 
colloidal silver in particular, but, as a matter of fact, far from being 
destr(?yed, the bacteriophage develops normally in the presence of 
this substance. 
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May not the erroneous conclusions reached by these authors be due 
to the fact that they have used commercial solutions of colloidal silver 
to which some antiseptic agent had been added, and have they not 
attributed to cftlloidal silver an effect which was due to some agent of 
whose presence they w^re unaware? Obviously, we can not tell. 
But in any case, a considerate numl^er of experiments warrant the 
statement that pure colloidal silver (Collargolum siccum, Heyden,* 
for example) exercises no antiseptic action upon the colon-typhoid- 
dysentory group of bacilli or upon the staphylococci, and that in its 
presence bacteriophagy occurs nonnally.t 

Colloidal sulfur, another electro-negative colloid, has also been 
tested. In its presence bacteriopliagy takes place in an absolutely 
normal fashion. Indeed, with this colloid it would seem that bacteri- 
ophagy is, if anything, stimulated, as has been observed by Otto and 
Munter.'*'^! 

In brief, then, negative colloids, and these are the only ones which 
can be tested, since bacteriophagy will not take place in an acid medium, 
cause, of themselves, no (ifTect upon the phenomenon of bacteriophagy. 

Dyeduffs 

Five-hundredths of a cubic centimeter of a Staphylo-bacteriophage 
is addeil to 10 (*c. of a suspension (100 million cocci per cubic centi- 
inetf'r) of Slaphulococcus aunii.^. To such mixtures the dyestuffs, 
as indicated in table 7, are then added. 

Control tubes are })repared, the bouillon containing the same quanti- 
ties of the dyestuffs, and are simply vseoded with the staphylococcus. 
These tubes dcanonstratc the possibility for growth in the dye-con- 
taining nu’dium. 

To all of these tubes which showed bacteriophagy a second implan- 
tation of a concentrated suspension of staphylococci was made, yield- 

* A finely granuliir colloidal silver, yielding in water a very stable red pseudo- 
solution. 

t These results suggest grave doubts upon the validity of the experiments 
showing the so-called “oligodynamic"' action of metals, of silver in particular. 
If silver in its colloidal form is not active there is the more reason to suspect that 
it may be inert when in its usual form. 

t We will see later that “secondary cultures"’ develop when the bacteriophage 
used is not of a maximum potency. It is significant that in the presence of colloidal 
sulfur secondary culture>" are difiicult to obtain, even though the bacteriophage 
used does not prevent their formation in normal bouillon. , 



68 


THE BACTERIOPHAGE AND ITS BEHAVIoA 


ing 200 million cocci per cubic centimeter. Again bacteriophagy was 
complete in all tubes after 24 hours. 

From these results it is clear that when the substance, like fuchsin, 
has an antiseptic action bacteriophagy does not take place; if the dye 
is lacking in harmful effects upon the bacterium bacteriophagy is 
normal. Of itself, the dyestuff, like colloids, interferes in no way with 
the phenomenon (d’Herelle). 


TABLE 7 


DYBSTUPP 

QIIAJ^TITY 

ADDED 

APPEARANCE 
AFTER 24 
iiocits 

SEEDED 
CONTROL TORE 

Fluorescein (Gri'ibler) 

CC. 

0.05* 

Clear 

Growth 

Methylene blue (Griibler) 

0.05t 

Clear 

Growth 

Fuchsin (Griibler) 

0.05t 

Turbid 

No growth 

Neutral red (Griibler) 

0.05* ! 

Clear 

Growth 

Acid fuchsin (Griibler) 

0.05* 

1 

Clear 

Growth 


* A saturated aqueous solution, 
t A saturated alcoholic solution. 


TABLE 8 


DATE 

TUBE numher 
CONTAINING 8 CC. 
OF MEDIUM 

bacteriophage added 

B. DYREN’TFjilAB 
TLBXNBft. 24 HOUR 
CULTURE 

APPEARANCE 
AFTER 24 HOURS 
AT ST^C. 

10/14 

1 (control) 

CC, 

0 

cr. 

0.05 

Very cloudy 

10/14 

2 

0.05 

0.05 

Clear 

10/15 

3 (control; 

0 

0.05 (from tube 1) 

Very cloudy 

10/15 

4 

0.05 (from tube 2) 

0.05 (from tube 1) 

(ylear 

10/16 

5 (control) 

0 

0.05 (from tube 3) 

Very cloud j 

10/16 

6 

0.05 (from tube 4) 

0.05 (from tube 3) 

Clear 

10/17 

7 (control) 

0 

0.05 (from tube 5) 

Very cloudy 

10/17 

8 

0.05 (from tube G) 

0.05 (from tube 5) 

Clear 


Electrolytes 

In several communications da Costa Cruz has emphasized experi- 
me»ts which indicate that bacteriophagy will not take place in' a 
medium very poor in electrolytes, a medium such as a 1 per cent Witte 
peptone solution in distilled water. When, however, he added various 
salts to this medium (NaCl, CaCh, Na 2 S 04 ) the bacteria were dis- 
solved.«»'“» 

Althoug]} it may be true that in such a medium, which is incidentally 
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rather unfavorable to the bacterium involved {B. dysenteriae Flexner), 
a complete dissolution of concentrated bacterial suspensions does not 
take place, it is equally true that bacteriophagy will take place, and in 
a complete fashion, when the suspension is less heavy, as the following 
experiments show*** (table 8). 

The culture medium is a 1 per cent peptone water, having a pH 
of 7.0. 

This demonstrates that the bacteriophage is capable of multiplying 
in media poor in electrolytes, inasmuch as in such media bacteriophagy 
occurs. 

Brutsaert*^* arrived at the same conclusions, but, according to his 
observations certain races of the bacteriophage fail to develop under 
such conditions, wliile others, on the contrary, are unaffected and lead 
to a total dissolution of the bacterial cells present in the medium. 

Here again, the same observation is pertinent. It is the quality of 
the bacteriophage which detemiines the course of the phenomenon. 

Ciuca'‘’“ has also shown that bacteriophagy occurs normally in 
media poor in electrolytes, provided the active principle operates upon 
young bacteria. His media were alkaline, pH 7.8 to 8.0, 

In general, then, the conclusions seem to be that in media poor in 
electrolytes, that is, in salts, bacteriophagy does not take place when 
the medium is acid. In a neutral medium (pH 7.0) bacteriophagy 
may or may not occur, depending upon the race ut the bacteriophage 
concerned. In an allcaline medium, the phenomenon takes place with 
all races; and with the most active the dissolution of the bacteria is 
complete. 

Instead of considering the effects of deficient quantities of electro- 
lytes in the medium, the reverae situation offers a problem. ^Miat 
happens when the medium contains a large amount of salt? Bacteri- 
ophagy takes place normally in bouillon containing 2.5 per cent of salt 
(d’Herelle**^) . Brutsaert^®* has shown that B. coli does not grow in a 
medium containing more than 5 per cent of NaCl, while staphylococci 
stffl develop freely in broth having 14 per cent of salt, yet in such media 
^ 'observed that bacteriophagy took place normally. Accoiding to 
him) bacteria cultivated in hypertonic Iwuillon and then placed in 
contact with the bacteriophage are even more readily attacked tlmn 
the same bacteria grown in a medium with a normal concentration of 
salt. 
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Sugars 

Asheshov®^ has shown that with certain races of the bacteriophage 
(one only among those which he studied) bacteriopjiagy takes place 
more rapidly if glucose is added to the medium. With this particular 
race, active against B. dysentcriae Flcxner, dissolution of the bacteria 
was complete after hours in the presence of glucose, while in or- 
dinary bouillon it was only partial after a period of 7 hours. Further 
studying the reaction with this particular race he concluded that the 
acceleration must be due to the fact that B. dysentcriae in fermenting 
the glucose rendered the reaction acid. 'I’his, then, represents a 
particular distinctive race, with which the optimum activity occurs in 
a medium of increasing acidity. We will return to this observation. 

Seiser*®* has suggested that the addition of glucose to the medium 
favors bacteriophagy in all cases, bvit in agreeincTit with Asheshov, 
I have not found this to be true. Indeed, it appe.'irs that the situation 
is quite the reverse. 

The experiments which I have i)erformed during the past few years 
have not modified my original conclusions in this respect, 'riic addi- 
tion of non-fermcntable sugai-s* to a bactiuial siispension subjected 
to the action of the bacteriophage has no effect upon the ph(>nomenon. 
In the case of fermentable sugars, if the inoculation of bacteriophage 
has been massive, bactcriophtigy takevs i)lace normally. If the inocu- 
lation has been weak for if the rac(! of bat leriojduige is of low activity) 
bacteriophagy is incomplete or does iiot occur, tlie result depending 
upon the amount inoculated. The reason for such an effect is obvious. 
We already know that the great inajoiity of races of the bacteriojihage 
are very sensitive to the action of free II ions. W ith a minimal inot il- 
lation of bacteriophage the bacteria .start to grow, they attack the 
sugars, and the medium becomes acid before the quantity of the bacterio- 
phage, regenerating in the course of the action, is sufficient to effect 
a dissolution of the bacteria in the time available. In a word, the 
limit of acidity incompatible with the phenomenon is reached before 
the bacteriophage is able to become effective (dTIerclle*®*). 

* Salts 

In previously reported experiments’®' I have shown that calcium 
chloride interferes with the bacteriophagy of Shiga bacilli; that potas- 

♦ This holds only when the quantity of sugar added is not sufficiently high to 
materially^odify the viscosity of the medium. We have already seen that an 
increase in viscosity retards bacteriophagy. 
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sium chloride retards the process; that magnesium sulfate and the 
phosphates of sodium and of potassium, in low concentrations, possess 
a stimulating action, especially with races of the bacteriophage of but 
weak potency. I ‘have not observed these effects in bacteriophagy 
with other bacterial species. This apparently warrants the conclusion 
that when a salt, in small amounts, seems to exercise an inhibitory or 
a stimulating effect, it is because it favors or interferes with the develop- 
ment of the bacteria, rather than because it exerts any specific direct 
effect upon the process of dissolution. 

Body fluids and other substances 

When added to a bacterium-bacteriophage mixture, substances 
devoid of action upon the bacteria, have, in general, no effect upon the 
pljonomenon. Thus, the process is not modified, for example, by 
norm.al serum, ascitic fluid, or urine (d’Herelle®-^). Bile is unques- 
tionably inhibitory. 

A ntiseptics 

Kabeshima”*^' has stated that the bacteriophagy of B. dysenteriae 
occurs even in the presence of antiseptic substances, for example, in 
media cemtaining sodium fluoride or an excess of chloroform. If these 
observations are correct, they are quite at variance with the results 
which I had obtained. At my suggestion Bablet*’ has repeated the 
experiments of Kabeshiuia. From his (Bablet) experiments, very 
carefully performed, and carried out as were those of Kabeshima upon 
B. dysenteriae, it apj)ears that in a liouillon medium containing 1 per 
cent of sodium fluoride, the bacteriophage principle does not regenerate 
for after three passages in such a medium it has completely disappeared. 
Under such conditions, therefore, bacteriophagy does not take place. 

The results were the .same in the medium containing chloroform. 

I have shown’-' that bacteriophagy does not take place in media 
saturated with essences of thyme or of cloves, even though in such 
media the bacteria remain alive for at least 48 hours. 

Wolff and Janzen"®* have reported that bacteriophagy is not accom- 
plished in the presence of different antiseptics, such as optochin, eucu-* 
pin, vusin (these three substances being derivatives of quinin), chinosol 
yatren, trypattavinc, rivanol, and malachite green, even if these sub- 
stances are added in quantities so small that the bacteria are killed 
only after an appreciable interval. Under these circumstances, al- 
though bacteriophagy is lacking, the bacteriophage is not deiAroyed; 
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it simply remains inert. Their experiments were conducted with B. 
typhosuii, B. coli, B. dysentcriacj and the staphylococcus. 

That bacteriophagy does not occur in bouillon containing a quantity 
of methyl violet sufficient to affect the vitality 6f the bacteria has 
been reported by Tomaselli.^^® 

A somewhat more interesting situation is revealed by those experi- 
ments in which the antiseptic agent is added to the medium in amounts 
so small as to allow bacterial development. Certain of my experi- 
ments were performed for the specific purpose of determining what 
happens under these conditions, sodium fluoride being selected as the 
antiseptic. Incidentally, in this series of studies I demonstrated that, 
contrary to what is stated in a number of physiological text-books, 
life is perfectly possible in media containing 1 per cent of salt. In such 
media B. dysenteriae or B. coli live perfcctl}’^ well. In fact, multipli- 
cation, in agglutinated floccules, takes place j^rovided the organisms 
have undergone a preliminary adaptation by a few passages through 
media of increasing salt concentration. But despite the fact that the 
bacteria are able to develop in this solution, bacteriophagy will not 
take place in such a medium. 

A further fact revealed in these studies is that while B. coli develop 
freely, without a preliminary adaptation, in a boiiillon containing 
0.2 per cent of sodium fluoride bacteriophagy will not take place, even 
if the bacteriophage introduced is very active. If 10 cc. of this fluoride 
containing medium is seeded veiy lightly with B, coli and then 0.1 cc. 
of an extremely active bacteriophage filtrate is added, the colon bacilli 
develop as vigorously and as abundantly as in the same medium with- 
out the bacteriophage. Nevertheless, the bacteriophage is not de- 
stroyed; it simply remains inert (dllerelle^*^^). 

By this experiment I had designed to show only the fact that the 
bacteriophage may remain inactive under conditions which permit 
the development of the bacterium. Brutsaert^®’ has extended this 
study and has sought to detennine if the concentration of fluoride, 
compatible with the development of the bacterium, but inKibitoiy as 
regards bacteriophagy, is the same for all bacterial species. He found 
* that the concentration limiting bacteriophagy varies for each Bp^ie^S 
studied (from 0.25 to 0.05 per cent). Indeed, this might have 
predicted, for although the bacteriophage remains passive it is ce^ 
tainly not because the fluoride has an effect upon it, but because it 
modifies the state of the bacterium. This conclusion is supported by 
the fdkt that in bouillon containing fluoride the bacteria do not grow 
normally but in agglutinated clumps. 
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These observations may be summarized very simply, then, by stating 
that bacteriophagy is operative only with living and normal bacteria. 

8. PHENdMENA CORRELATIVE WITH BACTERIOPHAGY 
Accelei'ation of bacterial growth 

We have already seen, in the experiments described, that if a sus- 
pension of bacteria is inoculated with a relatively small amount of 
bacteriophage, the bacteria develop, as revealed by the increasing 
turbidity, and it is only after this initial growth that the bacteria 
commence to dissolve. But if the experiments described above be 
carefully watched something else may be observed, namely, that the 
growth is more rapid, often very much more so, in the suspensions where 
liactcriophagy is to take place than in the control suspensions uninoc- 
ulaU d with the bacteriophage. It w’ould seem that the presence of 
this dissolving principle applies a stimulus of some sort, as though the 
multiplication of the bacteria undergoes first a “speeding-up;” an 
acceleration of the processes of cellular division. 

Agglutination 

Very often it may be observed that dissolution of the bacteria is 
preceded by a very outspoken agglutination. This phenomenon is par- 
ticularly marked when the bacterial suspension is inoculated with a 
relatively large amount of bacteriophage filtrate of average potency 
(dTIei-elle’‘'0. 

Sometimes this agglutination takes place veiy quickly, even within 
a few minutes after the bacteria come ino contact with the bacterio- 
phage. The cause of this agglutination does not appear to reside in 
the bacteriophage principle itself, but in “a something” which is as- 
sociated with it in the filtrate. The following experiments show, in 
fact, that this agglutination takes place in physiological saline, and 
even if the bacteria are killed pie\dously by heat. The agglutinating 
substance passes through colloidion membranes that are relatively 
opep, and it resists ageing. 

^wbActeriophage filtrate, about 6 months old, active for B. dysenteriae 
*€lfiga, was diluted to 1:1000 in physiological saline and dialyzed, in a 
collodion sac, against physiological saline. After dialysis for 48 hours 
living Shiga bacilli, taken '^rom a young agar culture, were suspended in 
the dialysate, yielding a suspension containing 100 million organisms 
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per cubic centimeter. The l)acilli were immediately completely ag- 
glutinated in the form of fine floocules, clearly visible macroscopically. 

The same experiment was carried out with a bacteriophage active 
for the staphylococcus. When the dialysate wlis combined with 
organisms {Staphylococcus aureus) killed by heating for 30 minutes at 
60°C. a fine agglutinate immediately formed, the clumps being readily 
visible macroscopically. 

There is present, then, in a filtrate, aside from the bacteriophage 
principle, which is inoperative upon killed bacteria, a substance capable 
of augmenting the surface tension of the bacteria, whether they be 
living or dead, against which the bacterioiihagc present in the filtrate 
possesses the power of bacteriophagy. 

RESUME 

Summarizing the data presented in this chapter the following state- 
ments can be made. 

There is a principle, very widely distributed in nature, normally 
occurring in the inte.stinal contents, which possesses the property of 
dissolving bacteria. This principle is present in a particularly active 
form in the intestinal canal and in the excreta during convalescence 
from a variety of infections diseases (d’Her(‘lle**“). 

The phenomenon whicli this principle causes, in vitro, in a liquid 
medium containing a snspc.nsion of bacteria susce])tible to its action, 
consists essentially in a dissolution of the bacterial cells. This phe- 
nomenon of dis.s<)lution occurs only with living organisms, the medium 
best suited to the action Ijcing that where the bacterium under con- 
sideration devehqKs l)esl (d’llerellc’“0. 

Dissolution of the bacteria is accompanied not only by a regeneration 
of the active agent but by a very pronounced multiplication of the 
principle. 

The agency responsible' for the phenomenon has been termed Bacterio- 
phage, the phenomenon itself is called Bacteriophagy (d'Hcrelle®**). 

By virtue of the fact that in the course of its action the bacteriophage 
.principle multiplies, the dissolving action can be carried out serially 
for an indefinite period (d’llerelle**®). 

Multiplication of the bactcuiophago principle takes place whatever 
may be the number of bacteria present in the suspension, or in the 
culture into which it is inoimlated (d’llcrelle®^). 

Although multiplication of the bacteriophage is a process qualita- 
tively independent of the number of bacterial cells exposed to its 
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action, the dissolution of the bacterial cells, a direct result of this 
multiplication, is complete only within the limits of 1 and 700 million 
bacteria per cubil^ centimeter when the bacteriophage principle in- 
volved possesses a maximum activity. With a greater number of 
bacteria per cubic centimeter the dissolution is but partial (d’Herelle*®^). 

The minimal quantity of bacteriophage principle necessary to ob- 
tain dissolution of a suspension or a bacterial culture is, in the more 
favorable cases, equal to a ten-billionth part of a cubic centimeter 
(I0“i“ cc.); sometimes even a hundred-billionth part is sufficient 
(d’Herclle»i«). 

Bacteriophagy takes place under aerobiosis or anaerobiosis. The 
temperature extremes are 8 and 4G°C., but for all bacterium-bacterio- 
phage systems the limits, as well as the optimum temperature are not 
identical. The temperature relationships vary, on the one hand, with 
the bacterial species, and even with the bacterial strain, and, on the 
other hand, with the race of bacteriophage (dTIerelle^^O- 

Only living and normal bacteria are suited to the phenomenon of 
bacteriophagy. That is to say, the phenomenon does not take place 
in the presence of antiseptics, when the amount present is sufficient 
to modify, in any way, the state of the bacteria (d’Herelle®^®). 

Bacteriophagy may be accompanied by accessory phenomena. The 
process of multi{)lication of the bacteria subjected to the action of the 
bacteriophage principle may exhibit an accelemtcd rate prior to the 
phase of dissolution. An initial phase of the reaction may be charac- 
terized by an agglutination. 



CHAPTER II 

The Bacteriophage Corpuscle 

1. BACTERIOPHAGY UPON SOLID MEDIA 

The phenomenon of bacteriophagy can be demonstrated, not only 
in a liquid medium, but upon a solid medium as well, the presence of 
the active principle being readily revealed by the following simple 
procedure. 

Take a young culture or a rather cloudy suspension of dysentery 
bacilli in bouillon. Also, dilute a drop of bacteriophage fluid, that is, a 
suspension which has been cleared through bacteriophagy, active for 
the dysentery organism, in a liter of sterile ph 3 "siological saline. Inocu- 
late the bacterial suspension with a drop* of this dilution of bacterio- 
phage filtrate. The final mixture will then contain a great many bacilli 
and very little bacterioj)liage. Finally, remove a drop of this inoculated 
suspension and spread it over the surface of an agar slant or upon an 
agar plate. After incubation the agar will be covered by a layer of 
bacilli, but this layer presents a curious aspect, for throughout its 
extent there will be spots, perfectly circular in form, where the agar is 
bare, devoid of all apparent growth (dTIcrelle,®^®). 

Wliat do these hixve areas, tl)ese ‘‘plaques'' as 1 have termed them, 
mean? In the first place it is certain that they bear some relation to 
the bacteriophage, for they never appear upon plates made with a nor- 
mal culture of any species of bacteria. But they are always apparent, 
and always have an identical appearance, w^hen the agar is planted with 
a culture or a suspension of any bacterial species previously inoculated 
with a very minute f^uantity of a bacteriophagic filtrate active for the 
bacterial species involved (d'Herelle®^^), The phenomenon is, then, 
not restricted to certain bacterial species. It is to be observed with 
any species provided the homologous dissolving principle is present. 

This simple preliminary experiment shows clearly that there is a 
causal relationship between the presence of the bacteriophage in a cul- 
ture or suspension and the appearance of the plaques in the layer of 
growth obtained by seeding such a suspension upon an agar medium. 

* When speaking of a drop, it is to be understood that a normal drop, 0.05 co.. 
is meant? 
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Let us carry the experiment farther, and see if the nature of this rela- 
tionship may be disclosed. Take a series of 12 tubes, each containing 
9 cc. of bouillon ^o which a concentrated suspension of dysentery 
bacilli has been added to give a count of 250 million bacilli per cubic 
centimeter. With these 12 tubes, all containing like amounts of the 
same bacterial suspension proceed as follows: 

Tube L Into one of these tubes, inoculate 1 cc. of a bacteriophage 
liquid, one very active for the dysentery bacillus. Each cubic centi- 
meter of the tube will then contain 250 million bacilli and 0.1 cc. of 
bacteriophage fluid. 

Tiibe 2. Into a second tube introduce 1 cc. of the contents of tube 1, 
just prepared. This second tube will then contain, per cubic centi- 
meter, 250 million bacilli together with the tenth part of the bacterio- 
phage fluid transferred in the cubic centimeter of material from the first 
tube, that is, 0.01 cc. 

Tube 3, Into a third of the 12 tubes of bacillarj^ suspension introduce 
1 cc. of the contents of tube 2. This tube (no. 3) will then contain, as 
did the others, 250 million bacilli per cc., and the bacteriophage pres- 
ent in the cubic centimeter of fluid transferred from tube 2, that is, to 
each cc., 0.001 cc. of the bacteriophage fluid. 

Continue in this manner with eleven of the tubes of dysentery bacil- 
lus suspension, as first prepared. Each cubic centimeter of the fluid 
in all of these tubes will then contain 250 million bacilli per cubic 
centimeter, but each tube of the series will contain less of the bacterio- 
phage fluid, since each successive tube will contain but a tenth of the 
amount in the tube preceding. We will have a series of tubes, all 
containing both bacteria and bacteriophage; but as is indicated in 
table 9, the bacterial content is constant; the bacteriophage content is a 
variable. 

Immediately after preparing these successive dilutions transfer a 
normal drop (0.05 cc.) of each of the 12 tubes to agar, either a slant or a 
plate, taking care to distribute the drop evenly over the surface, in 
other words, spread’*^ it in a uniform layer. Place the 12 agar cultures 
in the incubator at 37°C. After incubation, the following facts may be 
noted. • 

The tubes upon which the specimens removed from the dilutions 
10~S 10~2, and lO^^ (tubes 1, 2, and 3) were spread show no trace of 

* I shall often have occa:^ion to speak of this operation. The word ‘‘spread** 

implying the even distribution ofithejliquid over all of the surface of the agar 
slant or the media of the Petri dish, will be employed. * 
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growth whatever; they are bare, just as though they had not been 
planted. 

The tube corresponding to dilution 10“^ (tube 4) p'esents a few traces 
of B. dysenteriae growth; irregular fragments of a layer of bacterial 
growth being scattered over its sujface. 

The tube corresponding to dilution 10“^ (tube 5) shows a layer of 
bacillary growth studded with an infinity of confluent plaques. 

The tube corresponding to dilution 10'® (tube 6) is entirely covered 
by culture, but scattered throughout the layer there are some 20 
plaques. 

TAnr.E 9 



B.KCTERI^L 

1 

Tl'BE NUMBER 

ODM’KVT 
i‘EH ( ruir 
CENTIMETER 

1 context 

1 

1 


million 


1 

250 

-f 10”* cc. of bacteriophage fluid 

2 

250 

-f“ 10 cc. of bacteriophage fluid 

3 

250 

+ 10”*’ cc. of bacteriophage fluid 

4 

250 

10“^ cc. of bacteriophage fluid 

5 

250 

T* 10”® cc. of bacteriophage fluid 

0 

250 

-f 10"® cc. of bacteriophage fluid 

7 

250 

4- 10 cc. of bitctcriophage fluid 

8 

j 250 

I 10"® cc. of bacteriophage fluid 

9 

250 

-f 10 ’® ce. of bacteriophage fluid 

10 

250 

4“ 10”* ‘‘ cc. of bacteriophage fluid 

11 

250 

+ 10"** cc. of bacteriophage fluid 

12 

1'hjg tuho, 

a control, cojitains the bacillary suspension, 250 mil- 


lion per cubic centimeter, Init is without bacteriophage 


The tube representing dilution 10 (tube 7) i.s also covered with a 
culture of dysenteiy organisms, showing but 2 plaques. 

The tubes corre.sponding to the dilutions 10-*, 10“*, 10“’", and 
10““ (tubes 8, 9, 10, and 11) are covered with pei-fectly normal growth. 
They present an appearance exactly com[)arable to that found upon the 
control tube (tube 12), which contained only the bacillary suspension. 

* These cultures may be incubated for any length of time whatever, 
even up to the point whore the medium becomes dried up, without caus- 
ing any change in their appearance. Cultures which originally were free 
of growth (tubes 1, 2, and .3) remain bare indefinitely, just as though 
they were sterile.* 3'hose cultures containing plaques remain, like- 

* I repeat once more that in the first three chapters of this text 1 am dealing 
only with the conditions found in typical bacteriophagy, that is, with what takes 
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wise, as they first appeared; the placjues once formed undergo no modi- 
fication, they never increase in size and they are never overgrown by 
the surrounding^acterial culture. 

As for the cultures presenting a normal bacterial growth (tubes 8, 
9, 10 and 11, and, of couree, tube 12), they also undergo no further modi- 
fication and if they be further examined by subculture it is found that 
they will yield indefinitely normal cultures of the dysentery bacillus. 

If we ol)serve the nature of the reaction which takes place in the sus- 
pensions themselves, that is, the tubes from which the agar slants were 
implanted we will find that after incubation for 24 hours bacteriophagy 
is complete in the tubes containing dilutions IQ-' to 10“^ After 48 
hours it is also complete in tubes G to 10, that is, in those containing 
dilutions 10“''' to 10"^", while the tube with the 10~^i dilution remains 
turbid. This last tube may be subcultured indefinitely with the result 
that the successive cultures are as normal as are those of the control 
tube (tube 12). 

This experiment has been repeated a great many times with bacteria 
of different species: the staphylococcus, B. peKiifi, B. typhosus, B. 
gallinanm, etc., and has always given, from the broad point of view of 
the principle involved, analogous results. The course of the phenome- 
non is always the .same. The only point subject to variation is the 
e.vtent of the dilution, and such a (juantitative difference is, of course, 
compatible with what we know of bacteriophagy. For example, in 
working with anoth(;r race of bacteriophage, also active against the 
dysentciy bacillus, the last active dilution may be 10~*, and in this case 
the agar tubes corresponding to dilutions 1()~* and lO"* will be bare. 
The agar tube representing the diUPi.jii 10“® will show shreds of 
growth. I'he tube representing 10“'* will be covered by a layer of cul- 
ture studded wdth about 100 plaques, the one corresponding to 10~® 
will present but 12 plaques, and those tubes corresponding to the remain- 
ing dilutions of the series will be covered with normal cultures of 
dysentery bacilli. 

In another experiment carried out \Yith Staphylococcus aureus and with 
a race of the bacteriophage active for this organism, the last active 
dilution may be 10 "‘h 'Phe agar tube corresponding to the dilution 

place with races of the bacteriophage which are extremely potent, races which 
cause in a liquid medium a total and jiermanent dis.solution of a normal suspension, 
the medium remaining linr.ad indefinitely. If there are any who have not been 
able to isolate such a race I will gladly send them one upon request. Those races 
will permit them to carry out all of the experiments described in this tett. 
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10“® may be covered by a layer of culture eroded by confluent plaques. 
The agar slant prepared from the 10~^ dilution will present a layer of 
staphylococcus growth spotted by about 100 plaqu^, and the tube 
corresponding to 10“® will give a culture where only about 8 plaques can 
be found. 

The sole difference appearing in the results of these experiments is 
that the different bacteriophage filtrates each act up to a different dilu- 
tion. Aside from this difference in “strength” the aspect of the phe- 
nomenon is always the same. A further fact revealed by these experi- 
ments is, and this is of extreme importance, that the number of plaques 
formed bears, in every experiment, a strict relationship to the quantity 
of bacteriophage liquid. When there are, for example, 20 plaques on 
the agar slant corresponding to a given dilution there will be, practically, 
one-tenth as many plaques on the agar tube corresponding to the dilu- 
tion which is ten times greater. 

As wc know that the bacteriophage principle reproduces in the course 
of its action, since the phenomenon is indefinitely reproducible in series, 
let us take a suspension of dysentery bacilli and inoculate it with an 
extremely minute quantity of the bacteriophage liquid, for example, 
with 1 cc. of a 10“'^ dilution of a bacteriof)h{ige filtrate. Place this 
bacterium-bacteriophage mixture in the incubator at 37°C. and from 
hour to hour throughout the incubation spread one drop upon an agar 
slant or an agar plate. As the bacteriophage begins to multiply in the 
course of its action the plaques should increase in number, and in fact, 
after these agar subcultures have been incubated for 24 hours, wc will 
find the following; 

The agar tube planted from the mixture, after incubation for but one 
hour, shows no plaques; it is covered by a normal growth of dysentery 
bacilli. The agar tube prepared one hour later, that is to say, after the 
trace of bacteriophage has been in contact with the bacilli for two hours, 
will show about a dozen plaques. The agar tube seeded after the action 
has progressed for 3 hours is covered by a bacillary growth through 
which about 100 plaques are scattered, 'fhe appearance of this agar 
tube is then approximately the same as that which had received a drop 
d5F the 10~® dilution of the preceding experiment. But in the first 
experiment the suspension was spread upon agar immediately after the 
inoculation of 10~® cc. of bacteriophage liquid, while here the 10~^ 
cc. of liquid bacteriophage added to the suspension has acted during 3 
hours and has, therefore, had time to multiply. 

The agar tube planted after the suspension had remained for 4 hours 



THE BACTERIOPHAGE CORFITSCl<E 


81 


in the incubator showed only a few traces of bacterial culture, the 
appearance resembling the agar tube representing the 10“^ dilution of 
the preceding exoeriment. As for the agar tubes upon which a drop of 
the suspension was spread after the bacteriophage had acted for 5 hours 
or more, none presented any evidence of growth. They were sterile. 
In appearance these tubes were just the same as were those of the other 
experiment where the plantings had been derived from the suspensions 
inoculated with a large amount of bacteriophage Uquid. It seems that 
the bacteriophage was so abundant that the entire surface of the agar 
forms but a sin^e plaque, or, to express it more correctly, the plaques 
were so numerpus that they touched one another leaving no room for 
bacterial growth. , 

In brief, then, to summarize all of this, bacteriophagy in a liquid 
medium reveals itself macroscopically by a dissolution of the bacteria 
contained in the medium, the latter becoming as clear as sterile, unin- 
oculated bouillon. Upon agar bacteriophagy takes place in the same 
manner. The agar, at the point where the phenomenon occurs, is bare, 
without any sign of growth, having the same aspect as a sterile agar 
slant. In this condition it remains indefinitely (d’Herclle“®’“0* 

To mention all the authors who have confirmed these facts would be 
to enumerate, in fact, almost all who have investigated the phenome- 
non of bacteriophagy. These facts have not been disputed, although, 
as we will see, the interpretations of the facts ditler very materially. 

These experiments show that the number of “plaques” on agar is 
related to the quantity of bacteriophage contained in the fluid, but they 
suggest, in addition, an hypothesis of extreme interest, and one worthy 
of test for it is burdened with matters of the greatest concern. 

We have seen that when a very great number of bacteria and a very 
small quantity of the bacteriophage principle are combined and spread 
upon agar immediately after the inoculation of the bacteriophage, the 
result, after incubation, is a culture formed by the development of the 
bacteria distributed upon the agar, and this is spotted with bare areas, 
or plaques. The small amount of bacteriophage pfteent appears, then, 
to concenirate its action at particular points (d’IIerelle*“). Can the 
physical state of the bacteriophage be "discontinuous”? Can this 
principle exist, in what up to this time we have oadled a bacteriophage 
Uquid or a bacteriophage filtrate, in particulate form, as corpuscles in 
suspension? 
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2. THE BACTERIOPHAGE CORPUSCLE 

The hypothesis which I have formulated in answer to the above ques- 
tions is easy to verify. The experiment described ,fn the preceding 
section showed that bacteriophagy occurred in the bacillary suspension 
containing 10“*® cc. of bacteiiophage filtrate, w'hile the phenomenon 
failed to take place in the suspension with the next higher dilution, 
10-“. 

If the bacteriophage exists in corpuscles this result is at once 
explained. What happens would then be exactly of the same nature as 
that which takes place when tubes of sterile bouillon are planted with 
.serial dilutions, ever more and more dilute, of a bacterial culture. The 
tube of Iwuillon which receives one drop of a sufficiently high dilution 
will be implanted with but a single bacterium, l)ut it will yield, after 
incubation, a culture as abundant as that of another tube seeded with 
several million of the same bacteria. On the other hand, the tube which 
receives one droj) of the next dilution, will not yield a culture, for the 
drop introduced did not contain even single bacterium. Either there 
will be growth, or there will not be growth. And, in the same way, 
bacteriophagy either occurs, or it docs not occur. There are no inter- 
mediate gradations. I>et us find out if this i.s the case; if experiment 
confirms theoiy. 

Prepare again the same series of dilutions, in tens, as those descrilied 
in the experiment of the preceding section, employing the same bacterio- 
phage filtrate, but instead of making the succcs.sivc dilutions in suspen- 
sions of B, dysenteriae, make them in sterile bouillon. The procedure 
consists simply in introducing 1 cc. of bacteriophage filtrate into 9 
cc. of sterile bouillon, removing J cc. of this first dilution and placing it 
into a second tube containing 9 cc., then 1 cc. of this second dilution 
carried over into the next tube, and .so on up to the tenth dilution. This 
last tube will then contain 10 cc. of bouillon in which there will be 10~® 
cc. of bacteriophage filtrate, and each cubic centimeter of tliis tenth 
dilution wfil therefore contain 10“*® cc. of the filtrate. 

Suspend in a flask containing 90 cc. of sterile bouillon .some B. dysen- 
tviae removed from a young agar slant, in such a way that each cubic 
centimeter of the medium will contain about 100 million bacilli. Dis- 
tribute this 90 cc. of bacterial sus[)cnsion among 10 tubes, 9 cc. to each. 
To each tube add 1 cc. of the bacteriophage principle previously diluted 
to 10“*®. We now have 10 tulies of suspension, and in each of them an 
added l^cc. of a 10“*® dilution of the bacteriophage filtrate. Place the 
10 tubes in the incubator at 37*C. 
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After 48 hours, 3 of these suspensions are clear (this is the average of 
7 experiments of JO tubes each, made with the same bacteriophage fil- 
trate). The othdir 7 arc turbid, and repeated control tests show^ that 
they contain normal cultures of dysentery bacilli. The result is, then, 
complete bactcriophagy in 3 suspensions and complete absence of bac- 
teriophagy in the other 7 (dTIerelle^^®). 

This experiment settles the question. If the bacteriophage was to 
be found in a state of solution in the 10""^® dilution, it is obvious that 
each of the 10 cc. of this dilution would have contained a tenth part of 
it, that is, none of the 10 cc. would have been favored. Each would 
have contained a like quantity, and all of the 10 suspensions, each receiv- 
ing one of these 10 cc., would have behaved in the same manner; 
they would have been the seat of a comparable phenomenon. But 
this is not the case, as shown by the fact that 3 suspensions undergo 
bactcriophagy, while 7 do not. There is, then, among the 10 cc. dis- 
tributed in equal amounts among the ten suspensions, 3 portions of 
1 cc. each which contained the bacteriophage principle. In the other 7 
it was lacking. This is an absolute proof that the bacteriophage exists 
in discontinuous form, that is to say, in corpuscular form.* 

Experiments of this type always yield the same result, regardless of 
the bacterial species involved, provided the bacteriophage principle 
he very active. The single difference that may appear among the differ- 
ent experiments is due solely to the fact that different filtrates do 
not all contain the same numljer of bacteriophage corpuscles per cubic 
centimeter. Sometimes the dilution will be 10“’, sometimes 10“*, 
often 10“® or 10“^®, and rarely 10“’^, which, when distributed in equal 
portions among a number of bacterial suspensions, will provoke bac- 
tcriophagy in a certain number of these suspensions, leaving others 
untouched. 

Inasmuch as the concept of the corpuscular nature of the bacterio- 
phage dominates entirely the study of tlvis principle, 1 believe it wise to 
introduce the protocols of a few other experiments, taken at random 
from among more than fifty which I have performed, and which, uni- 
formly, have given the same results as regards the demonstration of the^ 
corpuscular state. 

* During my residence at the University of Leiden, in discussing this question 
with my colleague, Professor Einstein, he told me that, as a physicist, he would 
consider this experiment as deiaonstrating the discontinuity of the bacteriophage. 
I was very glad to see how this dcservedly-famous mathematician evaluated my 
experimental demonstration, for I do not believe that there are a greft many 
biological experiments whose nature satisfies a mathematician. 
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The following protocol deals also with B. dynenteriae, but with another 
race of the bacteriophage. It has already l)een published”* in reply to 
the communications of several authors, Bordet amongf’ others, who have 
affinned that the bacteriophage principle exists in a soluVde form, 
despite the proof of corpuscular nature which I had given from the time 
of my first publication**" and which has been re-stated at different times. 
Incidentally, none of these authors have discussed this experiment; 
they have all passed it over in silence. In an effort to make the matter 
clear, and to settle the point at issue I have presented the data several 
times, and have even offered, in case any doubt remained, to actually 
demonstrate the phenomenon. No one accepted the challenge, indeed, 
no one has since even mentioned the question. 

In this experiment, 10 cc. of a 10~’® dilulion of a bacteriophage prin- 
ciple active for B. dysenteriae were distributed, 1 cc. to each tube, into 
10 supensions of dysentery bacilli. In 5 of these suspensions baetcrio- 
phagy was complete: in the other .5 the phenomenon did not take jilace; 
they remained cloudy. 

Additional experiments of the same nature, carried out with a princi- 
ple extremely active for the Stnphylococc.un anrens follow. 

Ten cubic centimeters of a 10 *" dilution of this bacteriophage prin- 
ciple were dividefl, 1 cc. to each tube, among 10 tubes each containing 
a suspension of 100 million staphylococci per cc. After 72 hours of 
incubation at 32°C.’. all 10 suspensions wore clear. Ten cc. of the 10“** 
dilution of the same principle were likewise distributed among 10 tubes 
of the same staphylococcus suspension. After 72 hours at 32®, 2 were 
clear, 8 were turbid. 

In the same way, 10 cc. of the 10 ** dilution were distributed among 10 
tubes of the suspension. After 72 hours all were turbid. 

Each of the two dissolved .suspensions, obtained by adding the 
material of the 10“** dilution, was in turn diluted to 10'*'. The 10 cc. 
of each of these two dilutions were distributed into 10 tubes of staphylo- 
coccus suspension. After 72 hours incubation at 32®(1., of the 10 
suspensions to each of which was added 1 cc. of one of the dilutions, 1 
jwas clear, 9 were turbid; for the second dilution, 2 were clear, 8 were 
cloudy. 

All of the suspensions which remained turbid were subjected to 
numerous control examinations and all yielded normal cultures of the 
staphylococcus. These turbid suspensions have been filtered serially, 
and in^no case did the filtrates cause the slightest reaction which could 
be ascribed to baeteriophagy. 
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Identical experiments have been perfonned with bacteriophage 
principles active for B. coU, for B. typhosus, and for B. petstix* 

With B. coli, tl^e last active dilution, for the race under investigation 
was 10- ®. This dilution divided among 10 tubes of suspension caused 
bacteriophagy in 8, the other 2 remaining unattached. 

And, finally, the dilution 10“* of the bacteriophage principle acting 
upon B. 2 )estis, distributed among 10 suspensions of this organism caused 
bacterioi)hagy in 5, the other 5 remaining turbid. Control tests showed 
that the turbid tubes did not contain a trace of the bacteriophage 
principle, even after repeated filtrations. 

Wc have then, a definite proof that the bacteriophage exists in the 
form of corpuscles. 

If further proof of the corpuscular nature of the bacteriophage is 
desirable, it has certainly been provided by the very beautiful demon- 
stration presented by Eijkman at the meeting of the Society of Bacteriol- 
ogists of Holland. His experiment was based upon the well recognized 
fact that if a drop of a liquid, which contains a substance in solution, is 
allowed to evaporate slowly, when it is completely dry the sub.stance 
present will be found evenly distributed over the entire surface previ- 
ously occupied by the drop; while, on the contrary, if the substance in 
the liquid is insoluble, in the form of corpuscles, as the drying proceeds 
the phenomenon of capillarity becomes operative .uid the corpuscles 
arc attracted toward the periphery, so that when the evaporation is 
finished, the substance will be found in a circle indicating the circum- 
ference of the area previously occupied by the drop. 

Eijkman placed on an agar plate a very dilute suspension of bacterio- 
phage corpuscles, and allowed the fluid to evaporate slowly. WTien 
desiccation was finished he covered the surface of the plate with a sus- 
pension of the susceptible bacterium. After incubation, the plate 
revealed an appropriate number of pla<iues, and those were arranged in 
a circle, representing the contour of the drop of fluid which had been 
originally placed on the agar. Thus, making application of the phe- 
nomenon of capillarity, Eijkman has afforded further proof of the cor- 
puscular nature of the active principle in a bacteriophage filtrate. 

From the fact of the corpuscular nature, it becomes evident that the* 
important thing permitting bacteriophagy to take place is not the con- 
centration of the bacteriophage principle in the suspension, but the 

* The bacteriophage filtrauis utilized in these experiments were from sus|>en- 
sions of 200 million bacteria per cubic centimeter rendered limpid by hacteri- 
opbagy. 
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extent of the dilution of the bacteriophage principle which is inoculated 
into the suspension. In other words, with a Staphylo-bacteriophage 
still causing bactcriophagy in the tube diluted to (the dilutions 
being made by tens in volumes of 10 cc.) and not causing bacteriophagy 
in the tube with 10' dilution, it is not because this last tube has a dilu- 
tion of 10"'^^ that bacteriophagy does not result, but simply because it 
has not received a single bacteriophage corpuscle. 

To further emphasize this point, let us take, as did Gratia and 
deKruif-'" a liter of a staphylococcus suspension* and let us inoculate 
it with 1 cc. of a 10"^® dilution of Staphylo-bacteriophage. The dilu- 
tion of the principle in this liter of suspen.sion will be 10~*®, yet bacterio- 
phagy occurs. The reason is plain. VVe know that 1 cc. of the 10~‘® 
dilution causes bacteriophagy wiien added to 9 cc. of bacterial suspen- 
sion, clearly showing that it contains at least one bacteriophage cor- 
puscle. And it makes no diFercnce whether this corpuscle is inoculated 
into in cc. or into 10 litem of suspension, iiic result is the same, the 
principle multiplies and causes bactcriophagy. 

In brief, then, the concentration of the bactcrioi)hage principle in a 
suspension w here bacteriophagy is to take idacc is of little importance. 
For the phenomenon to occur the necessaiy and sufficient condition is 
that at least one bacterioiihage corpuscle be introduced into the suspen- 
sion of organisms. 

In conclusion, let me repeat just once n?orc, that to be conclusively 
demonstrable, these experiments must be made with a very active 
bacteriophage princiide, that is, with one capable of causing a complete 
and permanent dissolution ot the susceptible bacterium when 259 mil- 
lion bacteria per cubic centimeter are present.f 

* These authors performed the experiment with a CoU-hacteriophage. I have 
repeated it with a .Staphylo-bacteriophage, and the results have been identical 
in prineiple. They could not be otherwise. These authors stated that their 
experiment was open to several interpretations. This rather vague conclusion 
appears to have satisfied them, for the sugge.sted interpretations have not yet 
appeared. As a matter of fact but a single interpretation is possible. 'J’hc 
bacteriophage exists in the form of corpuscles. The experiment of Gratia agrees 
with experiments that I had published on several occasions, and this is all that 
Gratia could have said. 

t In studying the phenomena of the re.sistance of the bacteria to the bacterio- 
phage we will see the reasons why the experiment demonstrating the corpuscular 
form must be carried out with an extremely active bacteriophage principle. 
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3. THE PliAQUE; A COLONY OP BACTERIOPHAGE CORPUSCLES 

Each plaque, scattered throughout the bacterial layer upon agar, 
represents, then, the point where, during the spreading of the suspension, 
a bacteriophage corpuscle was deposited. This being the case, the 
number of plaques must be strictly proportional to the number of cor- 
puscles inoculated into the l)aoterial suspension. This is what the 
experiments presented in the first section of this chapter have already 
shown. The number of plaques, on the other hand, should be entirely 
independent of the numlier of bacteria in the suspension. This b 
shown by the following experiment (d’llerelle®^*). 

Ten tubes, each containing 10 cc. of a suspension of Shiga dysentery 
bacilli in different concentrations — ^100, 200, 300, 400, 500, 600, 700, 800, 
900, and 1000 million bacilli per cc., — are inoculated with a constant 
quantity of a bacteriophage filtrate, 5 X 10“ '. After shaking, 0.02 
cc. is removed from each of the tubes and is carefully spread upon a 
corresponding agar slant. After incubation, each of the 10 slants shows 
a culture layer of liacteria, studded with plaques, and the number of 
plaques is practically the same in all of the tubes (the actual figures 
being-19, 25, 20, 21, 19, 19, 22, 20, 16, and 18). 

Let us repeat this experiment, reversing the order of the factors. Let 
us use 10 suspensions of Shiga bacilli, all of the same con<.entration, 200 
million bacilli per cubic centimeter, and let us inoculate these suspen- 
sions with an increasing quantity of a dilution of bacteriophage filtrate, 
in such a way that the first tube will receive a millionth of a cc., the 
second a 900 thousandth, the third an 800 thousandth, the fourth a 
700 thousandth, and so on up to the ter.th tube, which will get a 100 
thousandth. Shake the tubes vigorously, and spread 0.02 cc. from 
each upon an agar slant. After incubation each of the agar slants has 
a layer of bacterial growth studded with plaques, but the number of the 
plaques vaiies with the quantity of bacteriophage filtrate inoculated into 
the tubes. Practically the proportions are: 1:10, 1:9, 1:8, 1:7, etc., 
up to 0.5:1; the actual numbers observed being, 4, 4, 5, 6, 8, 10, 10, 
14, 19, 42.* 

I have repeated this experiment with different races of the bacterio> 

* The differences between the mnnbers observed and the numbers theoretically 
calculated are of the same magnitude as those which we find in coimting bacterial 
colonies plated on agar from serial dilutions of a suspension. The numbers ob- 
served approach more and more closely to the calculated numbers as the number 
of tubes counted increases and average figures are obtained. 
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phage, acting upon different bacterial species. It is needless to detail 
them here, for they are all comparable to the one described above. 

The experiments all agree in showing that each plaque originates in 
a bacteriophage corpuscle which dissolves the bacteria in its environ- 
ment. But this plaque occupies a certain area. With certain races 
particularly active for the dysentery bacillus each plaque may attain 
a diameter of 8 mm., all of the bacteria found within a radius of 4 mm. 
of the corpuscle ])eing destroyed. Is this dissolution the result of a 
distant action of the corpuscle deposited on the agar at the time of 
.spreading, or, does the original corpuscle multiply at the expense of the 
bacterial bodies as it proceeds with their dissolution? It is easy to sul)- 
ject this question to experimental proof and determine which of the two 
possibilities accords with the facts. 

Touch the margin of a plaque with a platinum wire and then wa.sh it 
off in a tube of sterile bouillon. Prepare also 10 tubes of a bacterial 
suspension susceptible to the action of the bacteriophage. Inoculate 
each of these tubes with a drop of the bouillon in which the needle has 
been wa.shcd off. After incubation, we will find that the 10 suspensions 
have undergone bacteriophagy. There must have been, then, at least 
one bacteriophage corpuscle in each drop of the bouillon with which these 
susj)ensions were inoculated. This proves, therefore, that the surface 
of the plaque is covered by bacteriophage corpuscles, and this, in turn, 
means that the initial corpuscle must have multiplied. 

The jdaque represents, then, a colony of bacteriophage corpuscles, 
the issue of the original corpuscle which was the origin of the plaque. 
Upon a solid medium, as in a liquid medium, the dissolution of the bac- 
teria is accompanied by a multiplication of the bacteriophage corpuscles. 

4. CONDITIONS ESSENTIAIi FOR PLAQUE FORMATION 

Before considering the characteristics of agar cultures of the bacterio- 
phage corpuscles, let us note the conditions of the medium most favor- 
able for their development. 

First, let us state, but it is not necessary to emphasize this, that all of 
i-the conditions, as discussed in the preceding Chapter which bear upon 
the nutritive qualities of liquid media for the bacteria subjected to the 
action of the bacteriophage, such as the reaction (pH), arc entirely 
applicable to agar media. On solid media, as in liquid media, the state 
of the bacteria is important. Young bacteria are most readily attacked, 
and tl^e critical period is the moment of division. 

With regard to the consistency of the medium, I have shown*®* that 
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Martin's alkaline bouillon (pH 7.6 to 7.8) containing 2 per cent of agar 
serves perfectly well for the formation of plaques. More recently 
Nakamura^"® has studied comparatively the formation of plaques upon 
media containing different concentrations of agar. He found that the 
plaques were the larger as the concentration of agar was reduced. The 
most favorable medium was made up of bouillon containing 0.4 per cent 
of agar. Practically, in view of the semi-fluid state of such a medium 
which makes it rather difficult to work with, a medium composed of 
bouillon with 0.8 to 1 per cent of agar is the most convenient. 

What is the cause of this reduction in the size .of the plaque propor- 
tionate to the increase in the concentration of agar? Certainly it can 
not be, as Nakamura has suggested, a result of the inhibitory action of 
the agar colloid, for if this were the case it would hardly be clear why a 
medium containing 1 per cent would be very favorable, since the quan- 
tity of agar colloid here is sufficient to give the medium the character of 
a solid. Furthermore the fact that bacteriophagy takes place in a 
liquid medium in the presence of negative colloids, such as colloidal 
silver, and even in the presence of gelatin up to a certain concentration, 
shows indeed that this is not the real reason. 

The stronger and stronger inhibition of bacteriophagy in media con- 
taining increasing quantities of agar is certainly related to the con- 
sistency of the substratum. 

Products resulting from the dissolution of the bacteria exercise an 
inhibiting action upon the phenomenon, as is shown by the arrest of 
bacteriophagy in a liquid medium when a certain number of bacterial 
cells have been dissolved. Furthermore, it seems to be a general bio- 
logical law that the accumulation of the products formed during a 
reaction inhibits a biological process. Such products not only limit the 
growth of organisms, but also impair the action of ferments. A\Tiat- 
ever may be the nature of the bacteriophage corpuscle, an inhibition of 
the action which it causes, brought about through the accumulation in 
the medium of the products resulting from this action, is, then, in con- 
foimity with all that is known. It might even be said that if such an 
inhibition did not occur it would be unique, a new fact. 

From this it is clear that the higher the amount of agar in the sui> 
stratum the greater is its consistency, and consequently, the slower will 
be the diffusion into the substratum of the products formed during the 
dissolution of the bacteria' cells. If the consistency is such that these 
products accumulate in the surface layer of the medium, there is, from 
the beginning, an arrest of the phenomenon, and, as a result, a reduction 
in the area of the plaque. Even its formation may be prevented. 
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The following experiments permit of no doubt on this question. 

Bail/® Doerr and Berger/*^ and Nakamura** liavc observed that 
plaques do not form on gelatin, and they have invoked the intervention ' 
of colloidal reactions to ex'idain this fact. The deduction of these 
authors is absolutely correct, and the following experiments provide the 
true explanation for the inhibition which they observed. 

Prepare three scries of Petri dishes, as follows: (a) containing an agar 
medium (bouillon with 2 per cent agar) ; (b) containing a gelatin medium 
(bouillon with 15 per cent gelatin; (c) containing agar (the 2 per cent 
agar of (a)) to a depth of 8 mm. Immediately after the introduction of 
the agar the dishes of this series arc placed in a horizontal position 
(obtained bj' means of levelling screws) and the agar is allowed to solidify. 
They are then placed in an incubator at 45°C. to warm them somewhat, 
and over the surface of the agar is poured a (juantity of gelatin (the 15 
per cent gelatin mentioncfi above, in (b)), melted and cooled to about 
C0°C., in such a way that liy tipping the dish in all directions the entire 
surface is covered by a thin layer. Adjust the dishes with the levelling 
device so that they are ]ierfectly horizontal and allow the medium to 
harden in the ice-box. Prepared in this way these dishes will con- 
tain a layer of agar upon which is superimposed a thin layer of gela- 
tin. Wlien planted the material is distril)Uted solely upon the gfdatin, 
and this medium will differ in no way from that i)re.scnt in the dishes 
containing gelatin alone (scries b, above'). The only difference will be 
that the c series will have a suiistiatum of agar into which those pro- 
ducts resulting from reactions taking place on the surface may diffuse. 

Wlien these Petri dishes are thus ready, take 4 tubes, each ('outaining 
a suspension of Shiga bacilli, 250 million per cubic centimeter. Inocu- 
late the first with 0.1 cc. of a Shiga-bactcriojihage; the second with 0.1 
cc. of the first: the third with O.l cc. of suspension 2; and the fourth 
with 0.1 cc. of number 3. 

With these four suspensions the Petri dishes are implanted, 0.05 cc. 
of each of the individual suspen.sions being spread uniformly over the 
surface of a dish. W’'hen the results are read after 4 days, we find : 

/. Agar plates held at 37'‘C. 

Suspension 1 . . . Surface sterile 

Suspension 2 ... A few scattered traces of growth 

Suspension 3. . .Fiugments of growth 

Suspension 4. . .About SO plaques, having a diameter of about 5 mm. 



THE BACTERIOPHAGE CORPUSCLE 


91 


Z/. Agar plalea held al 30^ C. 

Suspension 1 . . . Sterile 
Suspension 2. . .Traces of growth 
Suspension 3. . .IVagmcnts of growth 

Suspension 4. . .About 50 plaques, having a diameter of about 7 mm. 

III. Agar plates held at J8°C. 

Suspension 1 . . . Sterile 
Suspension 2. . .Sterile 
Suspension 3. . .Scattered traces of growth 

Suspension 4. . .Confluent plaques (about 50), with a diameter of about 13 
mm. 

ZF. Gelatin plates held at 18° C, 

Suspension 1. ..Continuous bacterial layer, absolutely like a normal culture 
Suspension 2. ..Continuous bacterial layer 
SusiKHsioii 3, ..Continuous bacterial layer 
Suspension 4 . .Continuous bacterial layer 

V. Gelatin plates with a suh.^ir(ituni oj agar 

Suspension 1 . . . Sterile 
Suspension 2 . . . Sterile 
Suspension 3. , .Culture dei)ris 

Siisponsion 4 — Vbout 50 plaques, with diameters i>f ? to 4 mm. 

I'his experiment, repeated upon three differeiit occasions, has always 
given similar results. IV varying the depth of the gelatin layer I have 
observed that the size of the plaques varies inversely with the depth of 
the layer. When the layer was about T, mm. in depth the bacterial 
culture appeared normal. 

Obviously it is not the gelatin as such which interferes with the 
process of bacteriophagy. It is simply because the gelatin is but 
slightly permeable to the products arising in the course of the phenom- 
enon that an iuhi])itory effect is inanifested. When the layer is 
very thin and is superimposed upon a permeable substratum bacteri- 
ophagy occurs just as it does on agar. 

The experiment also shows some points with regard to the effect of 
temperature. 

The dimensions of the plaque resulting, one might say, from a “race” 
between the rate of multiplication of the bacterium and that of the 
bacteriophage, it follows that at a given temperature the one or the 
other may be “handicapped.” On the other hand, experiment definitely 
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shows that the bacteriophage corpuscle is able, on a solid medium, to 
dissolve bacteria only if they are found in an extremely thin layer on 
the surface of the substratum. This is precisely the reason that the 
plaque, already fonned when the bacterial growth has hardly become 
perceptible, no longer increases in size; the surrounding bacterial 
layer has become too thick. ^ 

To summarize all of this, the formation of the plaque, and its extent 
if its formation is possible, depends upon a whole series of factors, of 
which tw'o appear to be; first, the greater or less facility with which the 
products resulting from the action diffuse into the substratum, and 
second, the respective powers of multiplication of the bacteriophage 
corpuscle and of the bacterium at the temperature at which the phe- 
nomenon takes place. 

5. THE CHARACTERS OP PI^AQTJES 

It is of interest to note further some of the characters of the colonies of 
the bacteriophage corpuscle on agar. Let us take, as an example, a 
very active race of Shiga-bactcriophage, although any other race could 
be taken, acting upon any bacterial species whatever, for in all cases, the 
formation and the behavior of the plaques are identical. The only 
variant is the extent; the diameter of the plaque. 

Observation shows that in general, the size of the plaques formed with 
different bacterial species is the smaller the more rapidly the bacterium 
grows upon agar and the thicker the layer of growth becomes. Even 
with f' itremely active races of the Staphylo-bacteriophage the plaques 
are always small; their diameter (for the races studied) does not exceed 
1.5 mm. The plaque of the Hhiga-bacteriophage, on the contrary, may 
reach a diameter of 8 mm. But even here uniformity doe.s not obtain, 
for against a single bacterial species the size of the plaque varies. With 
all other conditions the same, the size of the platjue is related to the 
race of the bacteriophage whi(d) is acting. We will see the cause for 
this in the next chapter. 

When the surface of the agar remains bare because of the large num- 
ber of bacteriophagous corpuscles and maintains this appearance 
indefinitely it has become unsuited for the cultivation of the Shiga 
bacillus. When inoculated at such a time with a culture of this bacillus, 
even in a very abundant sowing, not the slightest development can be 
detected. The medium is, however, normal for another bacterium. 
If inoculated with the cholera vibrio, for example, the growth will be as 
luxuriant as if planted upon fresh medium. Hence, if B. dysenteriae 
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Shiga does not grow it is only because the bacteriophagous corpuscles 
remain on the surface of the agar and exercise their dissolving action on 
the bacteria deposited thereon. This is readily confirmed. If we take 
a tube of agar which has remained apparently sterile after having 
been inoculated with a suspension of the bacteria containing a bacterio- 
phagous filtrate, and if the surface of the medium in such a tube is 
washed with a few drops of sterile bouillon and to this is added a fresh 
suspension of bacteria, this suspension will be dissolved within a few 
hours. 

It sometimes happens, especially when using agar somewhat dried 
out, that a few colonies of Shiga are obtained, always located at the 
extreme edge of the layer of agar. We will return to this extremely 
interesting particular in the discussion of secondary cultures. 

If, instead of spreading the bacteriophage filtrate over the entire 
surface the corpuscles are deposited in limited areas — and this is readily 
accomplished by placing drops of filtrate on the sterile surface of a tube 
of agar, or again, by drawing lines over the surface w’ith a platimun loop 
dipped in the suspension of bacteriophage, and after the tubes have 
remained incline*! for a few hours in the incubator to secure drying — 
we find that the areas impregnated with the bacteriophagous filtrate 
remain free of Shiga bacilli, but that these organisms grow, on the con- 
trary, perfectly well on the parts not covered by the bacteriophage. 

When in the suspension planted upon agar the number of bacilli is 
infinitely great and the number of the corpuscles is sufficiently small, 
the bacteriophage principle as individual units is distributed over the 
surface of the agar, and under such circumstances the bacterial layer 
will appear studded with apparently sterile areas. These areas, or 
plaques, have a circular form varying in size from those spoken of as 
“pin-point” up to those with a diameter of 8 ram. The plaques are in 
general of the greatest extent when the bacterial suspension is somewhat 
weak although sufficiently concentrated to give a continuous layer of 
growth rather than isolated colonies. On such a tube the areas are 
larger as the subjacent medium becomes thicker, that is, toward the 
bottom of the tube. Upon a Petri dish, where the agar layer is of essen-« 
tially the same thickness throughout, all of the plaques of a given cul- 
ture are of approximately the same diameter. As will be seen, the area 
of the plaque bears a relationship to the virulence of the bacteriophage 
which causes it. 

If a tube or plate presenting plaques is held in the incubator a1i37°C., 
or at an entirely different temperature, no change occurs in the plaques; 
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their diameter remains indefinitely what it was at first. They are never 
covered or encroached upon the bacterial culture. At no time does 
there exist within the extent of the plaque, whatever its size may be, 
microscopically visible bacterial cells. The plaque is always rigorously 
sterile. 

As soon as the culture is well developed, as after 18 to 24 hours of 
incubation, if the centre of such a plaque is touched with a platinum 
wire and this is immei’sed in a culture of Shiga bacilli the bacteriophage 
develops in this suspension and the latter is dissolved after a few hours. 
The plaque, although sterile, is not ultrasterile; it is in fact a colony of 
the bacteriophage corpuscles. 

Furthermore, if a trace of the bacillary growth at the periphery of a 
plaque is taken with a platinum wire and seeded on agar it remains 
sterile and inoculation into a bacterial culture show's that the bacterio- 
phage is present there also. But when the bacillary layer is taken, 
not at the immediate edge of the area, but at a distance of two milli- 
meters from it, for example, and planted, the tubes show the growth of a 
normal culture. The bacteriophage is not found. 

If the culture showing the plaques is returned to the incubator and 
the tests are repeated tlu-ee or four days later, that is, culturing the 
bacillary growth at a distance of two millimeters from a plaque onto 
agar and into a suspension it will be found that the bacteriophage is 
there present at that time. The bacteriophage lias, therefore, gradually 
invaded the bacillary layer. Tlus invasion is always slow -proceeding 
more and more slowly as time i)rogre.s.ses -.so that the ring invaded, 
even after several months, amounts to a zone but a few millimeters wide. 
Beyond the limits of this zone the Hhiga organisms remain cultivable 
just as long as they do in a normal control culture without the bacterio- 
phage. 

The question immediately arises as to why the bacteriophage does not 
invade the entire layer of bacterial growth. For this there arc tw'o 
reasons. The bacteriophage attacks the bacterial cell most readily 
when the bacterium is young. When placed upon agar the bacterio- 
•phagous corpuscles find themselves located in the immediate vicinity 
of bacilli which reproduce actively as soon as they are deposited^upon 
a nutrient medium. They find then, within their range, very young 
bacilli distributed in a very thin layer over the agar. Dissolution is 
thus possible and the apparent sterility of the plaque results. But 
beyon^ this zone invaded by the bacteriophage during the first few 
hours the bacilli develop freely forming a layer of increasing thickness 
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comprised of organisms of increasing age. In other words, a thicker 
and thicker layer of bacilli always becoming more and more resistant 
to dissolution develops. This can be readily demonstrated by direct 
experimental proof. 

If the agar surface in a Petri dish is heavily seeded with a Shiga 
culture and at some point on this a drop of the bacteriophage filtrate 
is placed, and after a three-hour incubation period another drop of the 
bacteriophage is placed on the surface and this same proce.ss repeated 
after six, twelve and twenty hours, with continuous incubation of the 
plate during the intervals, it will be found fifteen hours later that the 
areas upon which the first three drops were placed have remained ster- 
ile —no bacillary growth has taken place. At the point where the fourth 
drop was placed, that is, after the culture had been incubated for twelve 
hours, there is a thin layer of growth composed of dead bacilli. The 
area where the drop of bacteriophage was placed after twenty hours 
presents an appearance practically normal. These five spots, then, 
represent the diverse aspects of an isolated colony of the bacteriophage, 
as from the centre to the periphery. 

The second reason is of a more general nature, representing a pheno- 
menon common to the majority of cultivable organisms. The colonies 
of the bacteriophage act absolutely like colonies of those bacteria which, 
except for organisms such as B. proteus, never progressively invade the 
surface of solid media. Thus, if the Shiga bacillus is planted upon 
agar in an amount suitaljle to yield isolated colonies, after 18 to 24 
hours, each colony will be from two to four millimeters in diameter, the 
largest colonies to be found at the points where the medium has the 
greatest depth, that is, toward the bottom of the tube. Such colonies 
increase in size but very slowly, always more and more slowly as time 
progresses, and even after two montlis, the zone of increase will not be 
greater than a few millimeters. From the bacteriological point of view 
it is not peculiar, as has been suggested, tliat the bacteriophage does not 
invade the entiro bacterial layer. Far from being dissimilar to other 
cultivable organisms, an isolated colony of the bacteriophage behaves 
exactly like a colony of bacteria. 

Why docs the bacterial colony fail to increase in size and invade fhe 
entire surface of the medium? ilecause the soluble substances result- 
mg from the vital activity of the bacteria diffuse into the agar and these 
substances constitute a true specific antiseptic which limits the growth. 
The medium is “vaccinated” around the colony. The deeper the agar 
layer, or the farther the colonies are separated, the greater the volume 
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of substratum capable of diluting this antiseptic substance, and the 
larger will be the colony. The situation is precisely the same with the 
bacteriophage; the more scattered the colonics and the deeper the sub- 
stratum, the greater the diameter. 

This is also the reason why the plaques are larger, other conditions 
being equal, when the medium contains less agar. We know that dif- 
fusibility in an agar substratum is diminished as the percentage of agar 
in the medium is increased. 

6. ENU.UERATION OP BACTERIOPHAGE CORPUSCLES* 

Since we have now presented the evidence proving the corpuscular 
nature of the bacteriophage wo will no longer make use of such vague 
expressions as bacteriophage “liquid,” “fluid,” or “filtrate,” but will 
employ the more preci.se term “suspension of bacteriophage corpuscles,” 
or even more simply, “bacteriophage suspension.” A bacterial sus- 
pension which has become limpid because the bacteria have disappeared 
through bacteriophagy, and in which, on the other hand, the bacterio- 
phage corpuscles have multiplied from the beginning, has, then, beconie 
a “bacteriophage corpuscle suspension.” 

The evidence adduced above also shows that each plaque represents 
a colony of bacteriophage corpusclcst and experiment shows that this 
colony originates in a single corpuscle deposited on the agar in the midst 
of the bacteria. 

Obviously, this finding provides a method for the enumeration of the 
bacteriophage corpuscles to be found in a suspension (d’Herelle®^®'*^®’®^^. 

The exixjriments described in a preceding section suggest, moreover, 
a second method. Since the limiting dilution of a suspension of bac- 
teriophage distributed in equal fractious in bacterial suspensions, causes 
bacteriophagy in a certain number of them, the others remaining unat- 
tacked, it follows that each bacteriophaged suspension must have been 

* We are considering here only the question of the enumeration of the corpus- 
cles, not that which might he called the “titration” of the bacteriophage; a 
question much more complex, the study of which is reserved for a later chapter. 

•f No concept of the nature of the corpuscle is here involved. This is a question 
which we will apjwoach when, having accomplished the study of bacteriophagy, 
wo will consider the characters of this corpuscle. The word "colony” is em- 
ployed because it signifies a “collection of individuals of the saiAe type.” As 
there is on agar a collection of corpuscles of the same type, having for their origin 
a corpuscle which has multiplied, it is evidently a colony, without predicating 
whether the corpuscles are living or not. 
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inoculated with a single corpuscle (d^Herelle®^®*®^®'^^!)^ ^ simple calcu- 
lation gives then the number of corpuscles to each cubic centimeter of 
the suspension. And these two methods of counting should agree with 
each other, yielding comparable results. 

Applied to a specific case these two methods give the following values. 
A suspension of the Shiga-bacteriophage is titrated by successive dilu- 
tions, as in the experiments described previously. The last active 
dilution is found to be Of this 10“*^® dilution 10 cc. are distrib- 

uted, in amounts of 1 cc. each, into 10 suspensions of Shiga bacilli. 
After incubation, we find that 5 of these suspensions have undergone 
bacteriophagy, the other 5 have not. 

There were then, 5 bacteriophage corpuscles in the 10 cc. of the 10“^® 
dilution. These 6 corpuscles must have been introduced into this 10~^® 
dilution with the cubic centimeter of the lO""® dilution which was com- 
bined with 9 cc. of bouillon to yield the 10“”^® dilution. IManifestly, the 
10 cc. of the 10“® dilution contained 50 corpuscles. Continuing the 
same reasoning for the successive decreasing dilutions to the point of 
the undiluted suspension, we find that the latter contained 5,000 mil- 
lion bacteriophage corpuscles per cubic centimeter.* 

liCt us now take the 10 dilution of the series of dilutions above. 
Inoculate a normal suspension of dysentery bacilli with 1 cc. of this 
dilution. The suspension will then contain the same quantitiy of 
bacteriophage as the 10 dilution of the original bacteriophage. Spread 
immediately, on 20 agar tubes, one drop (0.05 cc.) to each tube, 1 cc. of 
the inoculated suspension. After incubation we find that each agar 

* More simply, the 10~* dilution contained 5 corpuscles per cubic centimeter. 
The initial suspension undiluted contained then 5 X 10®, or 5000 million per 
cubic centimeter. 

The method for counting is the same, indeed, as that which was devised by 
Miquel for counting bacteria and this in turn was patterned after the procedure 
followed by Pasteur for the purification o*' bacterial cultures (the dilution 
method; . Insofar as the bacteria are concerned, every tube of the medium which 
receives at least one bacterium gives a culture and every tube which does not 
receive one remains sterile. With the bacteriophage every bacterial suspension 
which receives at least one corpuscle undergoes bacteriophagy while the sus- 
pensions which receive none fail to reveal the phenomenon. • 

Obviously it is possible that the tubes which show a growth in the case of the 
bacterial couats or those which show bacteriophagj'' in the case of bacteriophage 
corpuscle counts may not have received a single element but, indeed, some of them 
may have received two or even more. The result obtained is, therefore, a mini- 
mum, a minimum which approaches more closely to the true number as the count 
is based upon a large number of tubes. 
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tube is covered by a growth of B. dysenteriae spotted with plaques. 
The total number of plaques is 478, distributed among the tubes in the 
following way : 

1 slant shows 19 plaques = 19 
3 slants show 20 plaques == 60 

3 slants show 21 plaques = 63 

4 slants show 23 plaques = 92 
1 slant shows 24 plaques == 24 
1 slant shows 25 plaques « 25 
1 slant shows 26 plaques = 26 
4 slants show 27 plaques 108 
1 slant shows 29 plaques = 29 
1 slant shows 32 plaques = 32 

Total == 4^ 

The 478 “formers of plaques” were found in 1 cc. of the 10~^ dilution. 
Calculation indicates that the initial suspension of the bacteriophage 
contained 478 X 10^, or 4.78 X 10*. 

The second procedure, therefore, shows that each cubic centimeter of 
the undiluted suspension contained 4780 millions of “plaque formers,” 
whereas the dilution method indicated that this .susitension contained 
5000 million corpuscles per cubic centimeter. To all intents and purposes 
these two figures agree, hence wc can conclude that each plaque had its 
origin in a single bacteriophage corpuscle and that the method of count- 
ing the plaques forms a means of enumeration of the bacteriophage cor- 
puscles present in a suspension. 

I have repeated this experiment with two diirercut races of Staphylo- 
bactcriophagc. It is unneccssarj^ to give the protocols of these exjreri- 
ments, since it would prolong this section nee<i!e.ssly, but both of them 
were comparable throughout with th.it which has just been described. 
I will only say that the undiluted suspension (that is, a suspension of 
staphylococci, 250 million j)ev cubic centimeter, bacteriophaged and 
thus transfonned into a suspension of bacteriophage corpuscles) of the 
more powerful race containcil 200,000 million (2 X 10^*) corpuscles per 
cubic centimeter according to the dilution method and 121,000 million 
(1.21 X 10“) according to the plaque method. For the second race the 
nftmber of corpuscles was 6 X 10* by the first method and 8.1 X 10* by 
the second.* 

* It ia quite incorrect to asaume that all suspensions of the same race of bac- 
teriophage always contain the same number of corpuscles, indeed, the case is quite 
the contrary. The number of corpuscles present after I>acteriophagy depends 
as we will see in the following chapter, upon the number of bacteria bacterio- 
phaged. The above experiments are given simply to show the agreement between 
the two methods of enumerating the corpuscles. 
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In general, these two methods for the enumeration of bacteriophage 
corpuscles do not differ materially from those employed for counting the 
living bacteria present in a culture. The single difference resides in the 
fact that, for the bacteria the dilutions are planted in sterile bouillon 
or upon sterile agar, while for the bacteriophage corpuscles the counts 
can only be made in the presence of living bacterial cells. It could not 
be otherwise, for although the bacterium utilizes for its development the 
nutritive substances present in the medium itself, the bacteriophage 
corpuscle multiplies only at the expense of the living bacterium, which 
constitutes the medium within which it multiplies. 

r:^sum£ 

When a suspension of susceptible bacteria, inoculated w’ith a rela- 
tively large quantity of bacteriophage, is spread upon an agar medium 
no further growth results; the medium remains bare indefinitely. 
Furthenriore, the surface of this agar remains permanently unsuited to 
the development of these susceptible organisms, but if it be seeded with a 
bacterial species insusceptible to the bacteriophage involved a normal 
culture is obtained, just as though it had been spread upon sterile agar 
(d’Hcrelle,»‘«' 

A suspension, or a culture, of a susceptible bacteriuin, inoculated with 
a minute quantity of the ]>acteriophage principle, spread upon agar 
gives a layer of bacterial growth studded with bare spots, circular in 
form, where the agar is free of all traces of growth. These bare spots 
or “plaques” once formed arc unchanging; they do not Increase in size 
nor are they ever covered by the surrounding bacterial growth. The 
area occupied by the plaque has become un.suited to the growth of 
suscci)tible organisms (dTlerellc’^®- 

The number of plaques is in direct propoi-tion to the quantity of bac- 
teriophage filtrate inoculated into the sus!,ciision spread upon the agar 
(d’HereUe®!®- 

These facts suggest the h3q)othe.sis that the bacteriophage exists in 
the physical state of corpuscles (d’Herelle®!®). 

The corpuscular state is demonstrated by the fact that dilutions at 
the limit of activity distributed in equal amounts among different sus- 
pensions of the susceptible bacterium induce bacteriophagy in certain 
of these suspensions while the phenomenon fails to take place in others. 
Either bacteriophagy occurs, or it does not occur; there is no intermedi- 
ary stage. This proves, not only fix)m the biological point of view, 
but from the point of view of physics as well, that the bacteriophage is 
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found in the liquid in a “discontinuous” state, that is to say, in the form 
of corpuscles (d’Herelle®^®). 

A bacteriophage filtrate is then, simply a suspension of bacteriophage 
corpuscles (d’Herelle®*®). 

Each plaque is a colony of bacteriophage corpuscles derived from a 
single corpuscle (d’Herelle®’®- 

The phenomenon of bacteriophagy leads to the same results upon 
solid media as in fluid media. There is a dissolution of the bacterial cells 
and a multiplication of the l)acteriophage corpuscles (d’lTerellc**®’ 

As a result of the mode of action of the bacteriophage corpuscles, the 
enumeration of the corpuscles i)resent in a suspension may be accom- 
plished in two different ways, by the method of dilutions and by that 
of counting the plaques (d’llerelle,®^®' and following"). 
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The Mechanism op Bacteriophagy 
1. THE corpuscle: obligatory bacteriophage 

Whatever the nature of the medium, in the absence of a susceptible 
bacterium the bacteriophage corpuscles do not multiply. Nor is 
multiplication to be observed even though the medium be favorable 
for the phenomenon if the corpuscles are placed in contact with killed 
bacterial cells. The method of killing the bacteria is without signifi- 
cance: the reaction does not take place with bacteria killed by aging, 
heat, chloroform, essences of thyme, cinnamon or mustard, by alcohol, 
mercuric chloride, or by carbolic, sulfuric or hydrochloric acids.* 

The living bacterial cell is indispensible for the multiplication of 
the ])acteriophage corpuscle (d^Herelle^^®). Indeed, it is even essential 
that the living cell be ''normal,'’ that is, not exposed to the action 
of substances which may modify its characters appreciably even 
though they do not kill it. It is unnecessary to repeat the experiments 
bearing upon this point, since they have been considered in Chapter I in 
the section entitled "Influence of Chemical Conditions on the Phenom- 
enon of Bacteriophagy." 

It can readily be shown that the phenomenon fails to take place 
solely because of the disturbing influence of the medium upon the 
bacterium, for, if the unattacked bacteria are separated by centrifu- 
gation from the medium and suspended in a pure bouillon they undergo 
bacteriophagy. With such organisms the reaction is, however, more 
or less delayed; a fact entirely in keeping with the idea that the "ab- 
normal" bacteria, now multiplying in a pure medium, become again 
"normal" and when this happens, become subject to. the attack of 
the bacteriophage. 

Wliafr is the nature of tliis anomalous condition which renders the , 
bacterisfc^iiiiiaiitackable? We will be able to interpret and reply to this 

* This applies only to the multiplication of the bacteriophage corpuscles. A 
dissolution of the bacterial cells may be effected even if the bacteria are dead. 
But this last reaction is not in reality bacteriophagy. We will return to this fact, 
since in several instances the dissolution of dead bacterial cells has led to the 
erroneous conclusion that bacteriophagy bad taken place.®2i,348 
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question when we have studied the effect of an antibacterial serum 
upon the phenomenon of bacteriophagy. Here let us simply say that 
it is probable that this anomaly consists in a modification of the sur- 
face tension of the bacterial cell. 

We have seen above that the bacteriophage corpuscle multiplies 
only in the presence of living and normal bacteria. While this is in 
general true, it is likewise tnie that umlcr very particular conditions, 
as observed by Wollman,®“ a certain amount of bacteriophage develop- 
ment appears to take place in the absence of intact bacterial cells. This 
investigator prepared a series of collodion sacs of different densities, 
thus regulating the iiermeability.* After sterilization he filled the 
sac, having a capacity of G cc., with a bouillon implanted with Shiga- 
Kruse bacilli. In the outer tube, within which the sac was suspended, 
he placed 20 cc. of bouillon containing bacteriophage filtrate. The con- 
centration of bacteriophage in this external fluid was such that when 
10 cc. of a suspension of B. (Iijseiiicriae was inoculated with 1 drop of 
the fluid and 1 drop of the resulting mixture was spread upon agar but 
two plaques would form. 

In this way he prepared a series of collodion sacs of increasing per- 
meability, all arranged in the same manner, with a suspension of 
B. dysenleriae within the sac and a bouillon suspension of the bacterio- 
phage in the tube into which the sac was immersed. 

After incubation he observed the following; 

Very permeable mcx. It will be re(!allod that, as I had shown pre- 
viously,®'^ the bacteriophage corpuscle passes through collodion mem- 
branes which are suflicieutly ]iermeaide to permit the passage of the 
molecule (perhaps it would Ite better to .say micella) of serum albumin. 
In this experiment of Wollmaii the .same fact appears, for he found that 
the corpuscles passed through the iiermcable membranes, pcnci rating 
into the sac. There coming into contact with the dysentery bacilli 
they caused bacteriophagy, as would be expected. 

Less permeable sacs. With these sacs the baciilary culture within 
the sac remained normal, but the number of corpuscles inqculated into 
the bouillon surrounding the sac increased. A preliminary test showed, 
as we have seen, that a drop of the bouillon outside gave two plaques 
on agar. After incubation, a test conducted in the same manner 
with the same amounts, yielded from 20 to 30 plaques. There were, 
then, from 10 to 1.5 times as many corpuscles after incubation as be- 

• For the methods of preparation and arrangement of collodion sacs see the 
section “Ultrafiltration” in the Introduction. 
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fore. Nevertheless, no bacteria had been introduced into the bouillon 
and obviously none of the bacteria present in the sac had been able to 
reach the external medium, since the bacteriophage corpuscles, them- 
selves much smaller than the bacteria, did not pass through the sac. 
This last fact is the more certain since the culture in the sac did not 
undergo bactcriophagy. 

Sacs of least permeability. Here no change took place after incuba- 
tion. The number of corpuscles in the bouillon did not increase nor 
did the bacterial culture within the sac show any evidence of bacteri- 
ophagy.* 

Wollman concluded that even though bacteria were not present 
the bacteriophage commenced to develop because of the presence of 
certain diffusible bacillary products. These sulxstances passed through 
the membranes impermeable to the bacteriophage corpuscles. He 
compared this behavior of the bacteriophage corpuscle to that of 
Dictyosteliam mucoroides. With this, a Myxomycete, Pinoyt has shown, 
by means of a technic comparable to that of Wollman, that develop- 
ment starts because of the presence of diftiusible products of B. 
Jliioresccns, although normally, the ]My.\omycete develops only in the 
presence of living bacteria. 

Asheshov has personally told me that he has repeated Wollman’s 
experiment witli the same results. 

It is necessary, then, to conclude that the multiplication of bacterio- 
phage corpuscles can take place, at least to a certain degree, in the 
absence of the bacterial cell, and that for this development the cor- 
puscles utilizes certain diffusible f)roducts present in the culture of 
susceptible bacteria. 

In any case, it is certain that these diffusible products can be utilized 
by the bacteriophage corpuscle only immediately after their derivation 
from the bacterium, for on several occasions, employing a variety of 
procedures, 1 hav'e tried to cultivate the corpuscles in filtered bac- 
terial cultures or in autolysates, always unsuccessfully. This fully 
agrees with further observations made by Pinoy on the Myxomycete, 
which, although developing to some extent in bacterial products dif- 
fusing' through a collodion membrane never multiplies in autolysates 
or in culture filtrates. 

* This last statement is based upon a verbal communication } it does not appear 
in the paper of Wollman.*’^ 

f Pinoy, E. — K6le dcs bactfries dans le d6veloppement de certaines Myxomy- 
c6tcs. Ann. Inst. Pasteur, 1907, £ 1 , 622; 686. 
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2. FIXATION OF THE BACTERIOPHAGE CORPUSCLE 

In view of the fact that it is possible to enumerate the bacteriophage 
corpuscles present in a liquid, we can now go somewhat further into the 
mechanism of the phenomenon of bacteriophagy. 

One of the first questions to consider bears upon the sphere of activ- 
ity of the bacteriophage. If, in an appropriate liquid, we combine 
bacteriophage corpuscles and susceptible bacteria, do the corpuscles 
act at a distance or must they first come into immediate contact with 
the bacterial cell? 

The following experiment (d’Hcrelle*-0 answers this question. 

The following suspensions are prepared: 

1. One hundred cubic centimeters of a suspension of the Shiga bacil- 
lus containing 250 million bacilli per cubic centimeter. This is inocu- 
lated with 0.25 cc. of bacteriophage suspension. 

2. One hundred cubic centimeters of a suspension of the cholera 
vibrio, containing 250 million bacilli per cubic centimeter. This also 
is inoculated with 0.25 cc. of the same suspension of Shiga-bacteriophage. 

3. One hundred cubic centimeters of bouillon containing only 0.25 
cc. of the same bacteriophage. 

The material of all three flasks is incubated at 37°C. Immediately 
after the inoculation, after 30 minutes, and again after 1 hour, 20 cc. 
are taken from each of the three flasks and centrifuged at 4000 revolu- 
tions per minute for 10 minutes. 

There are thus 9 tubes which have l/^!en centrifuged. From the 
supernatant fluid of each of these, 0.02 cc. is taken and introduced into 
other tubes containing suspensions of the Shiga bacillus, and counts 
of the corpuscles are made by plating 0.02 cc., of each of these 9 tubes 
on six plates of medium. In this way an average of the counts can be 
obtained, and the results of the counts indicate the number of corpuscles 
remaining in the medium, since those which have penetrated the bac- 
terial cells before the centrifugation have been thrown down with the 
cells during this procedure and, as a result are to be found in the sedi- 
ment. 

The results of the counts are as follows: 

Tvhe 1. Shiga suspension plus bacteriophage. 

a. Counts of the material made immediately after the preparation 
are 214, 193, 187, 221, 229, and 183 plaques. The average is 204, 
representing 5,000,000 corpuscles per cubic centimeter in the original 
suspension immediately after inoculation. 
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b. Counts on the suspension after incubation for 30 minutes are 3, 
7, 4, 6, 6, and 3 plaques. The average is 5. This indicates that there 
are 125,000 bacteriophagous corpuscles in the suspension 30 minutes 
after the inoculation. That is, of each 41 corpusscles inoculated, 40 
have disappeared from the fluid. 

A count made directly upon the suspension, without centrifugation, 
gives 5,000,000 elements per cubic centimeter. It is therefore certain 
that the corpuscles which have disappeared from the fluid during the 
centrifugation have gone down with the bacteria. And, as we will 
see in the two control experiments, in the absence of Shiga bacilli 
this sedimentation of the bacteriophage does not occur (at least, when 
centrifuged at a speed of 4000 revolutions). 

c. After 1 hour, the count, made as before upon the supernatant 
fluid gives an average of 8 plaques, or 200,000 corpuscles per cubic 
centimeter; a number essentially the same as that secured after 30 
minutes. At this time a count of a suspension which has not been 
centrifuged gives 6,500,000; a number very close to that secured im- 
mediately after the inoculation. 

d. ('(Hints made upon the suspension with and without centrifu- 
gation after one and one-quarter hours give the same number of cor- 
puscles- -about 90 million. The inoculated corpuscles have therefore 
increased from 5 to 90 millions; the increase being in a proportion of 
about 1:18. And this increase has taken place in apparently a very 
abrupt manner, only to be explained as a result of the liberation of 
actual colonies containing an average of about J8 corpuscles. We 
will see by ultramicroscopic examination that the dissolution of a para- 
sitized bacterium takes place bmsquely, by bursting. 

Tube 2. Control. Suspension of V. cholerae plus the Shiga-bacterio- 
phage. 

Counts made immediately after inoculation of the bacteriophage 
give; for the centrifuged material, 201; for the non-centrifuged, 211 
plaques. 

After 30 minutes the coimts are: for the centrifuged, 210; for the 
non-centiifuged, 216. • 

After 1 hour the counts are: for the centrifuged, 203; for the non- 
centrifuged, 199. 

After one and one-half hours the non-centrifuged suspension gives 
207. 

Tube 3. Control. Sterile bouillon plus Shiga-bacteriophage. 

The counts immediately after the inoculation are: for the centri- 
fuged, 206; for the aon-centrifuged, 210. 
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After 30 minutes the corresponding counts are; 201 and 211. 

After 1 hour the counts are: 203 and 200. 

After one and one-half hours the non-centrifuged medium contains 
198. 

As is evident, in the absence of bacteria capable of being attacked 
nothing happens. The corpuscles remain inert in the medium. 

The nature of the multiplication taking place in the presence of the 
Shiga bacillus docs not permit of any doubt on the following points; 

1. After a contact of 30 minutes at 37°C. the corpuscles have almost 
entirely disappeared from the fluid; they arc fixed by the bacteria. 
After 1 hour the situation is essentially the same. 

2. The fixation is elective. It does not occur with V. cholerae, for 
example, for which the bacteriophage in question is without action 
(dTIerelle^i). 

A complementary experiment, conducted in the same fashion, but 
centrifuging the suspension at lO-minutc intervals during the first 
half-hour, has shown that veiy few of the bacteriophage corpuscles 
are fixed during the first 10 minutes, although they are almost all fixed 
after 20 minutes. The union, therefore, reciuires about a quarter of 
an hour. 

Additional data ol)tained with the staphylococcus may be introduced 
as bearing upon this subject of fixation. Ten cubic centimeters of a 
normal suspension of cocci are combined with 0.1 cc. of the bacterio- 
phage suspension. ''I'he tetnixnabire is held throughout at •30''(’. 
With this particular race of l)aeterioj)hago, of relatively high but nol. 
of maximtim potency, the fluid .still contains 97 per cent of the intro- 
duced corpuscles after 4.') minutes. After 1 hour (52 per cent are pres- 
ent; after 75 minutes, but 8.5 per cent remain. 

On the other hand, with two races of the bacteriophage of maxinm'n 
potency the fixation was extremely rapid. When 0.1 cc. of a suspension 
containing 20,000 million corpuscles per cubic centimeter was intro- 
duced into 10 cc. of bacterial suspension (250 million cocci per cubic 
centimeter) and the material was filtered through a candle after 10 
minutes there was not a single corpuscle in 0.05 cc. of the filtrate. The 
fixation was complete. 

This experiment shows particularly well how the activity of the 
bacteriophage race influences the siiecd of fixation. 

The fixation of the bacteriophage corpuscle to the susceptible bac- 
teriiun constitutes then, the first act of bacteriophagy (d’Herelle*'^- 
This fact is accepted by all authors. The only difference to appear in 



THE MECHANISM OF BACTBBIOPHAGY 


107 


different experiments is the time requisite for the fixation, and this 
varies with the bacterial species and with the race of the bacteriophage, 
as well as with the reaction of the medium, the temperature, and other 
environmental conditions. 

With a single strain of bacteria the fixation is the more rapid and 
complete the more active the bacteriophage. It is particularly perti- 
nent in this connection to remember that the mechanism of bacteri- 
ophagy can be studied only with races of the bacteriophage of maximum 
activity. With races of less potency the phenomenon of bacterial 
resistance masks to a greater or less degree the processes of attack. 

By a- series of cxpeiiments perfonned with different bacterial species 
I am convinced that with bacteriophage races of low potency it is 
impossible to demonstrate the process of fi.xation to the bacteria. 
At least, it is impossible to demonstrate that the corpuscles disappear 
from the liquid. The reason for this is obvious, for with such 
races fixation takes place slowly and instead of the process occur- 
ring almost simultaneously with practically the entire number of inocu- 
lated corpuscles, as is the case when the bacteriophage is veiy active, 
the time of fixation varies enormously among the different corpuscles. 
It thus happens that a great number have not been fixed when those 
which are first fixed have already commenced to reproduce. Conse- 
quently, the fixation remains undetected. 

(’arrying out experiments analogous to those which I have described 
but ernplo3dng filtration instead of centrifugation, Janzen and Wolff*^'' 
obtained the following results in two experiments with B. typhosus 
using different races of the Typhoid-bacteriophage. 

N(ii7iber of free corpuscles per cubic centimeter, unfixed to the bacteria 


I. Immediately after inoculation 18,000,000 

After 15 minutes 280,000 

II. Immediately after inoculation 30,000,000 

After 15 minutes 4,000,000 


It is probable that the number of bacteriophage corpuscles iSxed^ 
would have been still greater if the counts Jiad been made some 5 or 
10 mi|iutes later. 

The process of fixation is lacking when a bacteriophage is placed in 
contact with a bacterium insusceptible to bacteriophagy by the partic- 
ular bacteriophage involved.®-^ With but one exception all of those 
who have studied this question agree on tliis point. Later we will 
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see that a Typho-bacteriophage, and this is also true for a Coli-bacterio- 
phage or a Staphylo-bactcriophago, is as a rule not active upon all 
strains of B. typhosus; certain strains being susceptible while others 
are naturally resistant. This is what I have meant when a bacterial 
species has been tenned heterogeneous toward a bacteriophage. To 
return to the exception mentioned above, Janzen and WolfP^^ have 
reported that a Typho-bacteriophage may be fixed to typhoid bacilli 
of strains against which this Typho-bacteriophage is inert. This must 
be regarded as an exceptional ca.'se, for Jaumain and Meulemans’’^* 
have shown with different races of ('oli-bacteriophage and Staphylo- 
bacteriophage that fixation docs not occur with bacteria belonging to 
insusceptible strains. My own observations agree with those of 
Janzen and Wolff, for I have observed a fixation, although but partial 
(it is, however, the same when these races act upon susceptible bac- 
teria, it being simply a question of degree), with insusceptible staphy- 
lococci. We will see .shortly that this is also what happened in some 
experiments reported by TIu. 

As a modification of the aliove experiments da Costa Cruz'^’ has 
shown that fixation takes place upon heat-killed bacteria, provided 
thej' were of a susceptible strain. Working with a Flexner-lmcteriophage 
he has seen that the corpuscles are fixed to dysentery bacilli which 
have been killed by heating at fiO^C., but that they are not fixed to 
staphylococci, also killed at the same temperature. This has been 
confirmed by several authors. 

Prausnitz and Firle''^® have seen that fixation took place with sus- 
ceptible bacteria after they had been heated at fiO, 70, 80, 90 and 100°, 
but that it did not take place when the bacteria had been exposed to 
a temperature of 120°C. 

These obseiwations warrant the conclusion that fixation proceeds in 
the same manner whether the .susceptible bacteria are living or dead, 
although the bacteriophage corpuscles can develop only at the expense 
of the fonner. 

These facts make clear the reason for the delay in bacteriophagy 
caused by the viscosity of the medium, whether this viscosity is due to 
gelatin, to a gum, or to any other substance which is, of itself, without 
action upon the phenomenon. When we place bacteria and bacterio- 
phage corpuscles within a liquid it is evident that inasmuch as the first 
act of bacteriophagy consists in a fixation of the corpuscles to the 
bacterial cells, these corpuscles must first of all traverse the distance 
which separates them from the nearest bacteria. This necessitates 
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the assumption that there be a positive chemotaxis of the bacteriophage 
corpuscle for the susceptible bacterium, or, if one prefers (it is of no 
consequence at the moment), of the bacteria for the corpuscle. What- 
ever may be the nature of the force which leads to the union, the 
attraction exists, and it is evident that anything which augments the 
viscosity of the liquid tends to interfere with the approach of the 
corpuscle to the bacterium, and, as a refsult, with its fixation. If the 
viscosity is sufficiently high the number of corpuscles attaining fixation 
will be so small that the phenomenon will be incapable of detection 
macroscopically because of the small number of bacteria dissolved. 
Only the proof provided by a demonstration of the multiplication of 
the corpuscles will show that the bacteriophagy of a few organisms 
has taken place. 

Doerr and his collaborators^*^- *** have attempted to draw a parallel- 
ism between the fixation of the bacteriophage corpuscle to the bacterium 
and the fixation of an antibody. Such a comparison is inadmissible, 
for the characteristics of the two phenomena arc entirely different. 

We know that the agglutinin content of a semm can, to all intents 
and purposes, be completely exhausted by “saturation” with homolo- 
gous bacteria, and that the saturation required is in direct proportion 
to the agglutinating potency of the serum; that is to say, fewer bac- 
terial cells are reciuired to exhaust a weakly agglutinating serum than 
to exhaust the same quantity of a strongly agglutinating serum. W’^ith 
the bacteriophage the situation is exactly the reverse. In a later 
chapter we will see that races of the bacteriophage may be isolated 
which differ widely in their activity for a smgle bacterium, some being 
weakly active, othem possessing extreme activity. This difference 
does not involve a difference in the number of corpuscles, but is due 
rather to a difference in the activity of the corpuscles. But the partic- 
ular point as regards fixation is precisely thi.'i, that the greater the 
activity of the bacteriophage the fewer bacterial cells are requisite to 
give fixation. This fact has been disclosed consistently by several 
experiments made with both li. dyi^entcriae and the staphylococcus 
and their homologous bacterioiffiages. 

With a bacteriophage of maximum activity, using 0.1 cc. of a sus- 
pensibn containing more than 10,000 million corpuscles per cubic 
centimeter in conjunction , with 10 cc. of a bacterial suspension (2.50 
million per cubic centimeter), the fixation is complete with the 
staphylococcus, and almost complete with B. dysenkriae, within a 
period, of 20 minutes. 
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Employing a less active bacteriophage, 0.1 cc. of a suspension with 
1000 million corpuscles per cubic centimeter, added to 10 cc. of a bac- 
terial suspension, shows very little fixation after contact for 30 minutes. 
Even with the contacts repeated for 5 successive times, the material 
being centrifuged between each contact and fresh organisms added 
each time, a complete fixation is not attained. 

In brief, therefore, the course of fixation is exactly opposite to that 
observed in the fixation of agglutinins. We must regard the fixation 
of bacteriophage corpuscles to the bacteria as a phenomenon of col- 
loid nature — and nothing could be more legitimate since all of the 
reactions of living matter arc colloidal reactions — and it would be 
strange indeed if bactcriopliagy formed an exception. 

It is assuredly true that as yet we do not know the intimate mecha- 
nism of the process, yet we may unqiiestiunably affirm, without appear- 
ing too radical, tliat it is a colloidal process. This, however, means 
but little since this is true for all of the phenomena of life. Beyond 
this statement all we can definitely say is that the first phase of bac- 
teriophagy consists in the approac*h of the bacteriophage corpuscle 
to the bacterium, and that tins is followed })y its fixation to the bac- 
terial cell. 

Unquestionably, the actual fixation is elective, as all available ex- 
perimental data indicate. But with regard to the process which leads 
to the contact between the l)acteriophage corpuscle and the bacterium 
there is the question as to whether it is a passive phenomenon or 
whether it is a true chemotaxis. 

It might be assumed that tlie corpuscles, in violent motion because 
of the browmian motion which animates them, become fixed only 
when they come into contact with a susceptible bacterium. With 
these the fixation is then elective, but it takes place only after con- act 
is effected. In this connection Kabelik"^^^ has recently published some 
experiments which enforce the conclusion that a real chemotaxis 
exists between bacteriophage corpuscles and susceptible bacteria. 

The statements of Kal;clik, embodying his results, are here inserted. 

Bacterial migration may readily he studied in glass U-tubes which contain the 
nutritive fluid and in which the }>ottom of the tube is filled with sterile sand. 
For our tests these simple U-tubes arc not quite adequate, and we have therefore 
devised an apparatus which is, in effect, a combination of several of these tufces. 
A horizontal tube, 9 mm. in diameter, and 21 cm. long, is provided with seven 
vertical arms, about 8 cm. in length, spaced about 3 cm. from each other. In the 
bottoms of all of these vertical tubes some very fine sand, thoroughly washed and 
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sterilized, is placed, in such a way that migration through the material and the 
fluid is rendered very difficult. These tul>es are then filled with bouillon to a 
height of 3 or 4 cm. above the sand. (They may be used for several purposes, 
particularly for separating B. typhosus from B. coli.) 

In an apparatus of this type (no, 1*) we inoculated a drop of a virulent bac- 
teriophage suspension (strain H of d^Herclle) in the first vertical arm. Tests 
were made after 2, 4, 6, 8, 12, and 24 hours to see if the bacteriophage had pene- 
trated to the other vertical arms. These tests consisted simply in seeding a 
loopful of the contents of each arm on to agar previously implanted with Shiga 
bacilli. These agar cultures were allowed to incubate for 24 hours, and then the 
number of plaques, that is, the number of bacteriophage corpuscles appearing 
were recorded (see the tabic). When the plaques were completely fused together, 
resulting in a large sterile area covering the entire surface of the medium the 
result w’as expressed as infinity (<»}. 

In another apparatus (no. 2), under the same conditions, we inoculated the 
bacterioi)hage into the first upright arm after this had* been filled with bouillon 
seeded with Shiga bacilli. In a third apparatus (no. 3) the bacteriophage was 
inoculated into pure bouillon in the first arm, and the last, or seventh, we im- 
])lanted wdth Shiga bacilli. In a fourth apparatus (no. 4) only Shiga bacilli were 
implanted; this set to test (as a control) the raiudity with which bacterial infil- 
tration into the neigliboring arms occurred. This control showed that after 4 
hours the bacilli were to be found in the second arm only. Obviously, the abso- 
lute rate of penetration of bacilli and bacteriophage depends, ceteris paribiiSf 
upon the size of the grains of sand. 

The results of tliese tests are summarized as follows: 


An* A HA- 
TCH 

NCMUEJt 

MATEKIALS XVTRODCCBD 

TIME 

ELAPSING 

BETWEEN 

PLANTING 

AND 

TESTING 

IlESULTS OF TE8TH 1 PON THE FLVIDS WITHIN 
THE DIFFEKENT VEKTICAL ARMS 

1 

2 

3 

4 

o 

6 

7 
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■ 







1 

Bacteriophage only 

2i 

B 

0 

0 

0 

0 

0 

0 



OJ 

mM 

0 

0 

0 

0 

0 

0 



12 

B 

or 

1 

0 

0 

0 

0 



24 

B 

00 

00 

Kl 

0 

0 

0 


1 

36 

00 

00 

00 

CO 

00 

30 

0 

2 

Bacteriophage Shiga 

GJ 

00 

00 

00 

00 

00 

50 

0 


bacilli iu the first 

12 

00 

00 

00 

00 

00 

00 

00 


arm 









3 

Bacteriophage in the 


00 

0 

0 

0 

0 

0 

0 


first: Shiga in the 

6| 

00 

so 

2 

0 

0 

0 

0 


seventh arm 

12 

00 

00 

00 

00 

00 

00 

0 



24 

00 

00 

00 

00 

00 

00 

? 



36 

00 

00 

1 

00 

00 

00 

00 

00 


* See the table below. 
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APPARA- 

TUS 

NUMBER 

MATERIALS INTRODUCED 

TIME 

ELAPSING 

BETWEEN 

PLANTING 

AND 

TESTING 



flours 

4 

Shiga bacilli only 

6 

24 

5 

Bacteriophage only 

6h 

24 

6 

Bacteriophage d- Shiga 

6i 


bacilli in the first 

arm 

24 

7 

Bacteriophage in the 

6J- 


first: Shiga in the 
seventh arm 

24 


RESULTS OF TESTS UPON THE FLUIDS WITHIN 
THE DIFFERENT VERTICAL ARMS 


1 

2 

3 

4 

5 

6 

7 

gr- 

gr. 

gr. 

0 

0 

0 

0 

gr. 

gr. 

gr. 

gr. 

gr. 

gr. 

20 colo- 
nies 

oo 

00 

0 

0 

0 

0 

0 

oc 

00 

2 

0 

0 

0 

0 

00 

00 

00 

oo 

00 

0 

0 

00 

00 

00 

00 

00 
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00 

00 

OO 

100 
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0 

0 

0 

00 

00 

00 

2 

0 

0 

0 


Teats 1 to 4 were made in bouiUon; 5 to 7 were made in physiological saline, 
gr. = bacterial growth. 

In view of these results it would seem that wc must assume that a 
true chemotaetic influence is operative in the behavior of the bacterio- 
phage corpuscle.* 


3. PENETRATION OF THE CORPUSCLE INTO THE BACTERIUM 

With the bacteriophage fixed to the i)acterium, does it remain ad- 
herent to the surface or does it penetrate to the interior of the cell? 
'^Macroscopic'' experiments are inadequate to determine this point, 
but "microscopic" observation, chiefly by means of the darl: field 
method, provides some information. 

Inoculate 0.1 cc. of a very active Shiga-bacteriophage suspension into 
10 cc. of a suspension of 250 million Shiga bacilli per cubic centimeter. 
During the period when bacterial dissolution is taking place most 
vigorously remove a drop of the suspension and examine it under the 
dark-field. Not a single bacterium will be seen which appears to be 
undergoing disintegrative changes. The only visible abnormality is 
that in the midst of the normally appearing bacteria some few will 
be seen presenting an ‘'inflated” form. Those departing farthest 
from the typical cell are completely spherical, with a diameter of 3 to 

* In this preliminary note, adequate however to allow of a decision, Kabelik 
announces the publication of a more extended memoir on the question. 
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5m, and between the normal forms and the spherical forms are to be 
found all intermediates. But despite this variable morphology all 
of the cells have a sharply outlined contour. 

If the spherical cells are observed with care it is seen that after a 
variable length of time, sometimes amounting to only about 10 minutes, 
an actual bursting takes place; a process consuming only a fraction of 
a second. Immediately afterward, in the place of the spherical cell 
there remains a slightly cloudy floccule which slowly dissolves. These 
spherical cells are particularly abundant at the time when the dis- 
solving process is at its maximum rate. There can be no question 
concerning the nature of these cells; they are bacilli which, operated 
upon by a force exerting its effects from within, take at first a globoid 
form and later rupture. This is the more certain since at times one 
can witness the rupture of the swollen bacilli, even before they have 
assumed a completely spherical contour. This observation provides 
direct proof that the corpuscle develops and exerts its action within the 
bacterial cell. Destruction of the bacilli would be an entirely dif- 
ferent process if the dissolving action were exerted on the exterior. 
The spherical form and the bursting process prove beyond doubt that 
the operating force is internal (dTIerelle®^^* 

Although, as stated above, it is best to make microscopic observa- 
tions with a suspension in the process of being dissolved under the 
action of a powerful bacteriophage, this docs not mean that the 
rupture of the l)acterial cell takes place in this case only, for the phe- 
nomenon has occurred in the same manner with all of the races of the 
bacteriophage w^hich I have isolated. It is, however, more readily 
observed when bacteriophagy is intense. I am convinced, because 
of various experiments with bacteria of varied species and with bac- 
teriophage races of different types, that the destmetion and the dissolu- 
tion of the bacteria occurs always by bursting. But in the case of 
a slightly active bacteriophage the process may pass unobserved, for 
the number of ruptures occurring at a given moment is then extremely 
small, and it is pure ^‘chance’^ if the rupture of a cell takes place at a 
given time within the extremely minute quantity of material under 
the objective of the microscope. With such materials it may at times 

* Th^ bursting phenomenon was first observed by P. Jeantet, Chief of the 
Laboratory of Microphotography at the Pasteur Institute. There are few who 
have the capacity for microscopic observation as highly developed as he. More- 
over, he has the habit, as rare as it is original, of not publishing the things which 
he observes. Instead of taking to himself the credit for those things disclosed in 
the studies in which he talros an interest, there are many who have benefited 
from his powers of observation. 
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require an hour of continuous search and observation before the first 
rupture is seen. It is for this reason that those who desire to witness 
this curious phenomenon should use Shiga bacilli in contact with a 
highly potent bacterioi^hage. When they have once observed the 
reaction, recognizing the manner in wliich it takes place, they can then 
investigate other cases where the phenomenon is less conspicuous. 

Personally, I have observed the rupture of bacteria contaminated 
by bacteriophage corpuscles with B, dysenta'iae Shiga and Flexnei\ 
with B. typhosus and the paratyphoid strains, with B. pestis, and 
with the staphylococcus. As a matter of fact, I have never failed 
to see it when I have sought for it. With the staphylococcus the 
individual coccus undergoing rupture will have a diameter 2 to 3 times 
as great as that of a normal coccus. 

The nipture of ))actcriophaged bacteria has also been observed by 
da (^osta Cruz,^*'** Pondman,*''^'’ as well as by Hauduroy-®**^ and by Flu. 

Naturally, a quite logical question is, How can the bacteriophage 
corpuscle penetrate the bactoiium? I'he following observations per- 
mit an hypothesis, altliougli tiny do not give a clear and complete 
picture of the mechanism. 

At the moment when l)acteriophagy is most intense we see by dark- 
field observation that the single unusual feature presented by the 
bacteria is a more or less outspoken swelling. None of the bacteria 
appear damaged, and with the exception of the ‘‘floccules'^ which follow 
the bursting and which disa})j)car after a few minutes there is no bac- 
terial debris. If a drof) of the siis[)ension in which the process of 
rupture is taking pl?ic(j is removed and spread upon a slide, dried, and 
stained, it will be seen that aloTig with the normal bacteria there arc 
some swollen organisms and some amorphous material which certainly 
represents stained flocculai material. In such a stained smear the 
background is not colorless as in an ordinary preparation of a suspen- 
sion of normal young bacteria, but is tinted. All of the bacteria are 
sharply defined, even those which are distended. 

Another interesting situation develops if we take a drop of the 
suspension when bacteriophagy is at its maximum and place it between 
a slide and cover-glass (selecting a thick cover-glass to avoid breakage) 
exerting strong pressure upon the cover, as though a crushing of the 
bacteria was desired. Allow' the preparation to dry in the incubator, 
then, after removal of the cover-glass, fix the smear and stain with 
any of the ordinary dyes (Loeffler's blue, carbol-fuchsin). Examina- 
tion will reveal many of the bacteria presenting a curious appearance, 
for about some of the well-stained bacterial cells may be seen one, two, 
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three, or sometimes several, stained “discharges.” The material 
gives a definite impression that a portion of the contents of the bac- 
terium have escaped by means of one, or of several, apertures. 

This observation suggests that the wall of the bacterial cell (formed 
beyond doubt of condensed protoplasm) has been perforated by one, 
or several, bacteriophage corpuscles, and that the avenue of entrance 
has remained open. 

However this may be, the single fact that the phenomenon of rup- 
ture is “explosive” in nature shows that the bacteriophage corpuscle 
certainly penetrates to the interior of the bacterium, and that it is in 
this location that the multiplication takes place. 

4. MULTIPLICATION OP THE BACTERIOPHAGE CORPUSCLE 

At the very beginning of this section I believe it wise to state once 
more that when I cite an illustrative experiment it is not equivalent 
to stating that the rate of the reaction of all experiments w'hich may 
be carried out upon the same subject must be identical. Such an 
erroneous deduction has been reached by a number of authors. For 
example, the experiment presented in the second section of the present 
chapter, and to which we will return, .shows that the first increment in 
the bacteriophage was in a ratio of 18:1. This numerical ratio holds 
necessarily for this experiment only. In other cases it is possible to 
have ratios of increase anywhere between 0:1 and 00:1. Kverji;hing 
depends upon the conditions of the experiment, chieflv upon the “viru- 
lence” of the bacteriophage with which one is working. 

Bacteriophagy always takes place in the same manner; the sequence 
of events is always the same. The bacteriophage corpuscle must in- 
variably become fixed to the bacterium to exercise its action. Destruc- 
tion of the bacterium is always accomplished by bursting. The bac- 
teriophage corpuscles always multiply within the bacterial cell and 
are always liberated with the rupture of this cell. But the time 
required for the fixation to take place, the time necessary for the bac- 
terium to undergo rupture, the number of young bacteriophage cor- 
puscles developing w'ithin the bacterium to be liberated with its 
ruptoe, all vary in each particular case, according to a multitude of 
conditions 'which vary from one experiment to another. 

Having again emphasized this, let us consider the manner in which 
multiplication of the bacteriophage corpuscle takes place, and the 
nature of the conditions which exercise an effect upon their develop- 
ment. 
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The courise of niuUiplication 

The experiment described in the second section of this chapter 
shows that: 

After 30 minutes of contact at 37°C. the bacteriophage corpuscles 
have almost entirely disappeared from the liquid. 

After 60 minutes the situation is the same. 

After 90 minutes the corpuscles have suddenly reappeared in the 
liquid, and their number is 18 times greater than was that of the inocu- 
lated coriniscles. In other words, each inoculated corpuscle has yielded 
18. 

Another experiment may be inserted, likewise showing the sudden 
multiplication of the bacteriophage corpuscles. Six tubes of Shiga 
bacillus suspension arc inoculated with a bacteriophage suspension 
(containing 3000 million per cubic centimeter) in such a way that 
each tube receives one six-millionth of a cubic centimeter. When 
incubated, four give normal cultures of B. dysenteriae and all subcul- 
tures on agar yield normal growths. I'hese are, therefore, without 
interest for us. I'he other two, each of which received probably one, 
certainly not more than two corpuscles, show the following picture: 
The suspensions become more and more turbid. After 2 hours at 
37°C. the opacity is about 2 times as great as at the beginning. After 
3 hours it is about 2| times as great, and after 4 hours, about 3 times. 
It then begins to diminish, so that after 5 hours the density is aliout 
twice as great as at the beginning of the incubation. This clearing 
continues gradually, so that after 14 hours the culture is almost en- 
tirely clear. If immediately after the inoculation with the bacterio- 
phage, and then every 30 minutes, 0.02 cc. of each of these two sus- 
pensions is tnansferred to agar slants, these tubes will show, after 
incubation, the following: 

Plantings after 30 minutes, 1, 1 J, and 2 hours yield normal growths 
of B. dysenteriae. After 2} hours the subcultures show 3 plaques in 
one tube and 5 in the other (average, 4). Therefore, after 2f hours 
the inoculated suspension contains 2000 bacteriophage corpuscles. 

After 3 hours the subcultures show 5 and 4 respectively. There 
has been no material increase between 2^ and 3 hours. 

The 3J hour plantinp show 9 and 5 plaques (average, 7). The num- 
ber of bacteriophagous elements has slightly increased. 

After 4 hours, the agar tubes show 101 and 111 plaques respectively 
(average, 106). After 4 hours, therefore, the number of corpuscles 
is between 50 and GO thousand. 
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After hours, the counts are 145 and 160 (average, 152), indicating 
that the suspension contains 75,000; a number but slightly higher than 
the count after 4 hours. 

After 5 hours the agar tubes remain sterile. IVhen diluted to 1 ; 1000 
in a suspension of Shiga bacilli and transferred immediately to agar 
in the same way, the tubes give 4 and 6 plaques. Thus, it appears 
that after 5 hours the suspension contains about 1,500,000 bacterio- 
phage corpuscles per cubic centimeter. 

Although all authors are virtually in agreement with me upon the 
question of the specific fixation of the bacteriophage to the bacteria, 
several have denied that the multiplication occurs through successive 
sudden increments. Thus, Doerr found that the increase in “lytic 
substance” was very rapid but took place gradually, the titre increas- 
ing by about 10 times every 15 minutes. i\fter having carried out 
many tests upon a variety of bacteria with different races of the bac- 
teriophage I adhere definitely to my previous statement, namely, 
that the increase in the number of corpuscles does not take place in a 
continuous progressive fashion, but by successive liberations. It may 
be pertinent to observe that in order to clearly observe this phenom- 
enon it is essential that the exiieriments be performed in such a way 
that the course of the reaction is not obscured. To effectively demon- 
strate the phenomenon it is nccessaiy to observe the following condi- 
tions; (1) To work with a bacterial species which undergoes a rapid 
bactcriophagy. Such a one is the Shiga bacillus. (2) To work with 
a bacteriophage of maximum activity for the bacterium in question. 
(:i) To utilize a very small number of bacteriophage corpuscles, acting 
upon a large number of bacteria. 

The reasons which make these conditions essential if the phenomenon 
is to be observed distinctly can readily be understood. If one uses a 
bacteriophage of weak activity the corpuscles of the successive genera- 
tions become fixed veiy slowly and at a very unequal rate. Those 
fixed at first have akeady formed a colony and have caused the rupture 
of the bacterium before the other corpuscles arc even fixed. Under 
such circumstances it can be understood that it is impossible to observe 
the true course of multiplication of each corpuscle, and Doerr is then 
apparently correct, for the total course of the multiplication is indeed 
progressively continuous. 

Even in the case of a bacteriophage of maximum activity the fixation 
of all of the corpuscles docs not take place with mathematical precision 
within the same interval of time. Obviously, for this there are several 
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reasons. The first step in the process is the approach of the corpuscle 
to the bacterium (it can not be otherwise, since we know that 
the corpuscle can only act after it is fixed), and the more distant a 
corpuscle from the nearest bacterium the greater wiU be the time 
required for the fixation. Furthermore, we will see that even in the 
case of a bacteriophage of maximum potency all of the corpuscles do 
not have an equal virulence. The rapidity of fixation to a given 
bacterium, all of the other conditions being equal, is in direct propor- 
tion to its “virulence.” This represents a further reason why the 
fixation of all of the corpuscles may be distributed over a certain period 
of time. Recognizing these facts, it is clear that the best condition 
for ol)serving the true nature of the reaction consists in inoculating at 
the beginning only a very small number of corpuscles so that complete 
fixation can be accomplished in a minimum of time. As a result of this 
all of the ruptures, and consequently the liberations of young corpus- 
cles, will occur after a like interval of time. This will pei-mit one to 
observe that multiplication, the increiisc in the number of corpuscles, 
takes place suddenly. 

Another requisite condition, already mentioned, involves the presence 
of a large number of bacteria. The significance of this factor is evi- 
dent, for if there is only a small number each bacterium will be found at 
a considerable, and very variable, distance from the nearest corpuscle. 
This again means that fixation will occur in a \'ery irregular manner. 

With due regard to the conditions mentioned anyone may demon- 
strate readily that the multiplication of bacteriophage corpuscles 
takes place by means of successive jumps and not in a gradual pro- 
gressive fashion. But even here, this fact can be shown definitely 
only for the first liberation, as is quite natural, since as bacteriophagy 
progresses the greater will become the number of corpuscles, and the 
virulence of each of them, as individuals, being different, the time of 
fixation, and consequently, the speed of multiplication, will proceed 
in an irregular manner.* The multiplication by successive jumps, 
extremely clear-cut in the beginning of the process, becomes with time 
less and less sharply defined. The first series of liberations of the 
young corpuscles is accomplished within a short time, while for the 

• This fact is not astonishing. We have known since the days of Pasteur that 
in a bacterial culture each of the organisms presents individual characteristics, 
chiefly in those attributes dealing with its virulence. In the chapter devoted to 
“The Virulence of the Bacteriophage” we will see that the situation is exactly 
the same with the bacteriophage. 
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following liberations this interval of time becomes progressively greater, 
and finally, the ruptures of the last cells of a series take place only 
when the first burstings of the following series have commenced. That 
is, at this stage and under these circumstances the multiplication of 
the culture as a whole is in effect a continuous process. 

The phenomenon of bacteriophagy is biological in nature. There- 
fore, it is impossible for its course to have the simplicity of a strictly 
chemical reaction. 

Since the publication of my experiments upon this question many 
students have studied the course of the multiplication of the bacterio- 
phage. It also appears from the work of Maitland^®* that the sudden 
multiplication takes place only after an incubation period. I am not 
able to insert here his experiments for he has adopted a method of 
“titration” of the bacteriophage which docs not allow of the exact 
enumeration of the corpuscles. I shall return to this later, when 
treating of the different methods proposed for measuring the activity 
of the bacteriophage. Ijet it suffice here to say that from his experi- 
ments it seems, as he has remarked, that at 37°C. there is no multipli- 
cation during the first hour; sometimes during an even longer period. 
Following this period of latency there is a period of rapid augmentation 
occurring between the second and the third hours after the mixture 
is made. During this increase the “titre” of the bacteriophage may 
attain 10,000 times the original titre. The rate of the increase then 
diminishes and the maximum concentration is reached at about the 
fifth hour. 

These results agree, in a general way, with those which I have pub- 
lished. But the great majority of those who have worked with the 
bacteriophage have wished to generalize from their results and in this 
tendency is to be found one of the cau.ses of confusion in the study of 
the bacteriophage. All that one may correctly conclude from a given 
experiment is that under the conditions of this experiment such and 
such a result has been obtained. Beyond this nothing is permissible. 
Warranty for generalization is afforded only when a constant effect 
is produced, whatever may be the race of the bacteriophage and what- 
ever ma> be the bacterial species under investigation. 

Nevertheless, it may be stated that with a given bacterial species the 
rapidity of fixation and consequently the rate of multiplication is a 
function of the total “virulence,” that is, an expression of the aver- 
age virulence of the different corpuscles which are acting upon the 
bacterm of the suspension. Each of the corpuscles present fixes itself 
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and multiplies the more rapidly as its “virulence” is the greater. But 
it is equally important to observe that against different bacterial 
species bacteriophage races of the same degree of virulence may be- 
come fixed and may multiply at different rates. 

From the experiments which I have carried out upon this subject 
the following may be cited as giving the maximum and minimum 
rates observed. 

With the most active race of Shigarbactcriophage which I 
have isolated the fixation amounted to 94 per cent after 12 minutes 
(10,000 corpuscles per cubic centimeter in the presence of 250,000,000 
bacteria per cubic centimeter) at a temperature of 30°C. Inoculating 
a single corpuscle into 10 cc. of a suspension containing 50,000,000 
bacteria per cubic centimeter there were, after 11 hours, 12,000 million 
corpuscles per cubic centimeter. 

With a Shiga-bacteriophage of low activity, in inoculating 100,000 
corpuscles into 10 cc. of a suspension containing 250,000,000 bacteria 
per cubic centimeter after 20 minutes only 10 per cent had lieen fixed. 
Here also the temperature was 30°C. After 60 minutes only 34 per 
cent had been fi.xed. Inoculating a single corpuscle into 10 cc. of a 
suspension containing 250,000,000 bacteria per cubic centimeter there 
were, after 24 hours, only 17,000,000 corpuscles present in the liquitl. 

With an extremely potent race of the Staphylo-bacteriophage, work- 
ing under the same conditions as those described for the active Shiga- 
bacteriophage, the fixation Avas complete 20 minutes after the inocula- 
tion. Inoculating a single corpuscle into 10 cc. of a suspension con- 
taining 50,000,000 bacteria per cubic centimeter* the maximum value 
was reached only after 44 hours, and at this time there were 98,000 
million corpuscles per cubic centimeter. 

Working under the same conditions as those of the preceding exi)ori- 
ment, but using another race of Staphylo-bacteriophage, one much 
less potent, the fixation after 75 minutes amounted to 54 per cent. A 
single corpuscle inoculated into a suspension of staphylococci contain- 
ing 50,000,000 per cubic centimeter yielded, after 48 hours, only 
780,000,000 corpuscles per cubic centimeter. 

In bacteriophagy the result of a single experiment always depends 
upon the conditions of the experiment, the most important of these 

* We have seen in Chapter I that in inoculating a very small amount of bac- 
teriophage the initial number of bacteria is of little consequence, for the latter 
develop abundantly up to the moment when the multiplication of the bacterio- 
phage is sufficient to effect bacteriophagy of all of the bacteria. 



TIIK MECHANISM OF BACTERIOPIIAOY 


121 


conditions being resident in the “characters” of the bacteriophage 
involved. Each bacteriophage presents, as wc will discover from every 
page of this text, particular distinctive characteristics. 

Among the published experiments bearing upon the multiplication 
of the bacteriophage may be mentioned one presented by Doerr and 
Griininger'*® carried out with a Coli-bacteriophage. 

These investigators have adopted a method of titration proposed 
by Applemans, concerning which we will offer certain criticisms 
later, where we will see that it gives an approximation of such a crude 
nature (and even absolutely fails in certain instances) that it can not 
serve for the enumeration of corpuscles. However this may be, Doerr 
and Griininger have concluded from this experiment that an intense 
“bacteriolysis” corresponds to a stabilization in the titre of the bacterio- 


TABLE 10 


TIME OF INCUBATIOM 

TITHE OP BACTBRIOPHAOB 

TEH CUBIC CENTIMETER 

NUMBER OF BACTERIA 

PER CUBIC CENTIMETER 

minutes 

0 

100 

10,000,000 

30 

JOO 

16,000,000 

GO 

100 

20,000,000 

00 

100 

35,000,000 

105 

100 

45,000,000 

120 

1,000 

60,000,000 

150 

10,000 

130,000,000 

ISO 

10,000,000 

600,000,000 

210 

1,000,000,000 

200,000,000 

270 

1,000,000,000 

i 20,000,000 


phage. This can hardly be the case, since their experiment indicates 
that the number of bacteria diminish from 600,000,000 to 200,000,000 
within the intei-val between 180 and 210 minutes, while in this same 
period the bacteriophage increases from 10,000,000 to 1,000,000,000. 
Tt would appear that this demonstrates precisely that the maximum 
increase in the bacteriophage corresponds to the greatest destruction 
of the bacteria. As for the assumed stabilization in the titre of the 
bacteriophage, which remains at 1000 million while the number of 
bacteria diminish from 200,000,000 to 20,000,000, this results simply 
from the method adopted for the titration of the bacteriophage. In 
fact, the so-called “dilution method” does not allow one to say that 
there are 1000 million corpuscles per cubic centimeter; it simply per- 
mits the statement that there are more than 1000 million and less i-Han 
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10,000 million. Such being the case, the conclusion of Doerr is not 
supported by experimental proof, indeed, the contrary interpretation 
is more logical, for the experimental data indicate that the period 
of increase in the bacteriophage corresponds to the period of destruc- 
tion of a great many bacteria. 

In tliis same communication Doerr and Griininger'** state that the 
dissolution of the bacteria contained in the suspension occurs when 
the concentration of “lysin” equals ei,5, according to the notation of 
Werthemann.''® ' This is simply equivalent to saying that when the 
concentration of the bacteriophage is such that 1-10~® cc. of a suspen- 
sion in process of being bacteriophaged is added to a fresh suspension 
of the same bacteria bacteriophagy of the latter ensues. In other 
words, and to state it somewhat more precisely, dissolution of the 
bacteria takes place when the number of corpuscles is between 100,000 
and 1,000,000 per cubic centimeter. Again it is necessary to repeat 
that to attempt to establish precise rules as governing the reaction is 
an illusion. The statement of Doerr is the more remarkable in that 
I have never seen a macrosc.opically detectable dissolution of bacteria 
with such a small number of corpuscles per cubic centimeter. Ob- 
viously, if the number of bacteriophage corpuscles is very small, very 
few ot the bacteria are attacked; they remain normal and multiply 
normally. On the other hand, the corpuscles multiply, proliferating 
at the expense of the bacteria, but the number of bacteria destroyed 
at the beginning of the jiroccss is infinitely smaller than the number 
which reproduce. If one bacterium is bacteriophaged while 100 
reproduce, macroscopically it will be impossible to detect this destruc- 
tion. Only when the number of bacteria destroyed by bacteriophagy 
exceeds those bacteria which remain normal and which continue to 
multiply is it possible to perceive the change, and then macroscopic 
clearing of the medium begins. 

The facts that the bacteria undergo destruction through bursting 
and that the increase in the numlier of bacteriophage corpuscles is 
intermittent, as may be clearly observed at the beginning of the proc- 
ess, as well as the fact that the greatest multiplication of the bacterio- 
phage coincides with the moment when rupture of the bacterial cells 
occurs at the greatest rate can hardly leave a doubt concerning the 
mechanism of the liberation of the young corpuscles at the time of the 
bursting of each bacterium. 
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The influence of temperature upon multiplication 

In the communication already mentioned Doerr and Griininger 
have also stated that the bacteriophage does not multiply at a tem- 
perature of 43°C.; a temperature at which, nevertheless, the bacteria 
concerned in the experiment (B. coli) reproduce perfectly. Prausnitz^® 
has carried out an experiment which shows clearly the error committed 
by Doerr in his effort to generalize from the results of one experiment. 
I have reserved discussion of this experiment of Prausnitz until this 
time and it is here presented since it affords certain clues concerning 
the manner in which the bacteriophage multiplies at different tempera- 
tures. In the experiment here given a Flexner-bacteriophage was 
used. The culture medium was a bouillon with a pH of 7.6. The 
results obtained at different temperatures are given in table 11. 


TABLE u 



TEMPEKAIURE 43® 

TEMPERATURE 45® 

TEMPERATURE 47® 

TIME OF 
INCU- 
IJ 4TION 

J)acteria + 
bacteriophage 

Bacteria 

alone 

Bacteria -f- 
bactcrinphago 

Bacteria 

alone 

Bacteria 4- 
bacteriophage 

Bacteria 

alone 


Baotcri- 

ophago 

Bacteria 

Bacteri- 

ophage 

Bacteria 

Bacteri- 

ophage 

Bacteria 

hours 

0 

100 

380 

140 

0.1 

116 

265 

12 

180 

120 

1 

100 


180 

0.7 

110 

260 

17 

185 

88 

2 

GOO 

172 

195 

1.5 

186 

228 

15 

160 

80 

3 

fiOO 

193 


1.8 

148 

2;3S 

?3 

220 

74 

4 

700 

22G 

23G 

1.4 

140 

214 

12 

160 

62 

6 

900 

IGO 

20() 

1.1 

97 

230 

13 

115 

58 

8 

1300 

170 

210 

1.2 

105 

220 

3 

106 

34 

10 

3400 

1S5 

185 

2.0 

90 

111 

2 

22 

20 

24 

6200 

95 

138 

0 

37 

58 

0.1 

3 

4 


The numl)er of bacteriophage corpuscles are determined upon the 
basis of 10“® cc., that of the bacteria on 10~® cc. Prausnitz calls atten- 
tion to the fact that in this experiment, at 43°C., the number of bac- 
teria increases two times and the number of bacteriophage corpuscles 
62 times. At 45°C. the number of bacteria did not increase while at 
the tenth hour the corpuscles were 20 times as numerous as at the 
beginning. Even at 47°C. the corpuscles appear to begin to multiply 
during the early hours of the experiment. 

We have seen elsewhere (Chapter I) that in working with the Coli- 
bacteriophage a complete dissolution of a suspension containing 200 
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million B. coU per cubic centimeter was obtained within a very short 
time (3| hours) in an incubator at 4f)°C. In this experiment I did 
not measure the rate of increase of the corpuscles but it is certain that 
at the moment when bacteriophagy was complete the multiplication 
must have been considerable.* 

Multiplication as affected by the state of the bacteria 

Doerr and Griininger**® have suggested that when the bacteriophage 
is inoculated into an actively growing bacterial culture the bacteriophage 
develops immediately, without a latent period. It has been impossible 
for me to verify this, although I have made mt-my experiments to this 
end with bacteria of different species and with races of the bacteriophage 
of diverse activities. Data on 21 such experiments are at hand, all 
carried out in the same manner, inoculating the bacteriophage corjnis- 
cles into cultures containing about 50,000,000 bacteria per cubic centi- 
meter, (faintly turbid) and incubated at 3G°C. for 5 hours before the 
introduction of the bacteriophage. Titrations of the bacteriophage 
made every 15 minutes have sho'mx the minimum time before which 
the first increase was to be observed was 45 minutes, and indeed this 
was obtained in only one of the experiments. On this occasion al- 
though present, the increase was slight (3-fold). In this same experi- 
ment the bacteriophage had increased 39-fold after 60 minutes; 41-fold 
after 75 minutes. In this single case the first rupture had taken place 
after 45 minutes. The first scries of ruptures was complete after 1 hour. 
In 12 other experiments of this same type the first increase took place 
after 60 minutes (4 races of Coli-bacteriophage, 5 of Shiga-bactcrio- 
phage, and 3 of Typhoid-bactcriophage; all very virulent races). In 
the other 8 experiments the first increase could be detected only after 
90 minutes. And in all of these, races of the Coli-bacteriophage of 
relatively high activity were used. 

If we compare these experiments with the other results which have 
been mentioned it appears that although multiplication may not 
start immediately, the rate of reproduction may be accelerated when 
the bacteriophage is inoculated into an actively developing cultui’e. 
While superficially this fact might appear to be significant, in reality 
the result is simply due to the fact that the temperature is favorable 
(37°C.) for the process at the moment of inoculation. If bacteria are 
suspended in a bouillon previously warmed to 37°C. and this is inocu- 


* But they arc weakened, as we will see. 
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lated at once with the bacteriophage multiplication will take place 
just as promptly and as vigorously as in an actively developing culture. 

Multiplication in relation to the number of bacteria bacteriopha^ed 

Working with B. dysenteriae Shiga and with B. coli, Meuli^* reached 
the conclusion that the final “lytic” titre is independent of the initial 
litre. This deduction is true or false according to the conditions of 
the experiment; it all depends on the total number of bacteria available 
and suitable for serving for the multiplication of the bacteriophs^e 
corpuscles. If we combine in a medium a very few bacteria together 
with a very small number of bacteriophage corpuscles, the corpuscles 
which find a bacterium in their immediate vicinity readily available 
will be relatively few and thus the opportunity for multiplication will 
be restricted. Little by little, progressively, the number of corpuscles 
will augment, but before the number becomes sufficiently great for 
all of the bacteria, which meantime have had time to develop, to be 
“parasitized,” a culture equivalent to several hundreds of millions of 
bacteria per cubic centimeter will have had time to mature. From 
this it is apparent that when but very few corpuscles are inoculated 
the initial titre of the bacteriophage is to a degree immaterial and 
has no great effect upon the final titre. Incidentally this view of 
Meuli Ls in some respects in accord with what I stated in the first 
edition of my collected papers,®*^ namely; “In a word, whatever may 
be the original titre of the suspension at the time when it is inoculated 
with a Imiitcd number of bacteriophagous organisms the latter must 
always operate on a suspension of about 650 million bacilli per cubic 
centimeter, since in all cases the bacilli reproduce until they attain 
this number.” 

But Meuli has gone further, he has generalized, and his conclusions 
are entirely false when the conditions are changed. If the medium 
contains a small number of bacteria and a relatively large number of 
bacteriophage corpuscles, the final titre depends upon the initial titre 
in the sense that it varies but little, and solely in proportion to the 
number of bacteria implanted. This is to be interpreted in this way; 
each of the bacteria present at the moment of inoculation is in close 
proximity to one of the corpuscles, since the latter are veiy numerous, 
and all of the bacterial cells are parasitized and dissolved before they 
have had time to multiply to any appreciable extent. 

To state the situation correctly, it may be said that the number 
of corpuscles depends upon the number of susceptible bacteria sub- 
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jected to bacteriophagy. This is trae whether the process takes place 
solely with the bacteria implanted when the number of corpuscles 
inoculated is suflBiciently great for all of the bacteria present to be 
bacteriophaged at the beginning, or whether, because of the small 
number of corpuscles present at first, the bacteria implanted have 
had time to multiply before they are subjected to bacteriophagy. 
Between these two extremes, — 1 corpuscle to 650 million bacteria, 
and 10,000 million corpuscles (and even more with the Staphylo- 
bacteriophage) to 1 bacterium, — by varying the relative concentra- 
tions of the two factors there is an infinite number of combinations 
and of differing situations. But in every case the final number of 
corpuscles is determined by the number of bacteria susceptible to 
bacteriophagy, and, consequently, capable of serving for the multipli- 
cation of the corpuscles. 

Influence of the conditions of the medium 

And yet, the statements made in the preceding section arc true 
only when the conditions of the medium are optimum for the process 
of bacteriophagy. For example, if we vary the reaction of the medium 
the final result of the multiplication of the corpuscles will vary, even 
though in all cases bacteriophagy may be complete. The following 
experiment clearly demonstrates this fact. 

A peptone water (pe{)tone 25 grams, NaCl 5 grams, water 1000 cci) 
is rendered neutral to phenoli)hthalein. The medium is definitely 
alkaline to litmus. After it has been distributed in 10 cc. amounts 
into tubes, IICl is added in appropriate amounts to provide a series of 
tubes having an increasing scale of acidity. All of the tubes are im- 
planted with a concentrated suspension of Shiga bacilli to give a nor- 
mal suspension, that is, 2.50 million per cubic centimeter. Then each 
tube is inoculated with 0.001 cc. of the bacteriophage. After an 
incubation period of 24 hours simple observation of the tubes indicates 
varying degrees of turbidity, and appropriate counts indicate the 
final number of corpuscles present in the individual tubes. In tabu- 
lated form the results of such an experiment are as shown in table 12. 

Here are, for example, two strictly comparable experiments which 
show that this is indeed the case. Inoculate 10 cc. of a suspension of 
staphylococci containing 50 million bacteria per cubic centimeter 
with but a single bacteriophage corpuscle. A count made after 3 
days shows that although the medium is perfectly clear there are pres- 
ent 81,000 million corpuscles. Inoculate a like suspension (20 cc. of 
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suspension was originally prepared and divided into two equal por- 
tions, one part being used in the test presented above) with 600 
million corpuscles. After 3 days (bacteriophagy was complete in 
less than 24 hours) the number of corpuscles was 7000 million. 

Cause of the arrest of multiplication 

It may be asked why the bacteriophage ceases to multiply when the 
medium contains a certain number of them, even though bacteria are 
still present. Quite as logically it might be asked why bacteria stop 
multiplying even though food materials are left in the medium. The 


TABLE 12 


TUBE 

TIEACTION TO 
PHBNOLPUTHALEIJf 

MACROSCOPIC APPEARANCE OF THE 
SUSPENSION AFTER 24 HOURS 

NUMBER OF 
B\OTBRIOPHAGE 
CORPUSCLES PER 
CUBIC CENTIMETER 

1 

0 

Very slight clouding 

400,000,000 

2 


Very slight clouding 

500,000,000 

3 


Clear 

500,000,000 

4 

-6 

Clear 

1,250,000,000 

r. 

-8 

Clear 

2,750,000,000 

(i 

-10 

Clear 

1,000,000,000 

7 

-12 

Clear 

1,000,000,000 

8 

-14 

Slight clouding 

250,000,000 

9 

-16 

Turbid 

500,000 

.10 

-18 

Turbid 

1,000,000 

11 

-20 

Turbid 

500,000 

12 

-22 

Turbid 

None 


answer is the same in both cases. Multiplication stops when the prod- 
ucts re.sulting from the “vital reaction” reach a certain concentration. 

Insofar as bacteriophagy is concerned, let us note first that with all 
of the conditions best suited to bacteriophagy the final number of 
corpuscles differs with the bacterium attacked. With the most active 
races of the Shigarbactcriophage I have never obtained a final titre 
greater than about 10,000 million per cubic centimeter. With the 
Staphylo-bacteriophage the final titre often goes above 100,000 million. 

In the first clxapter the statement was made that the substances 
resulting from the distinctive activity of the bacterium, that is, tlioso 
substances which “vaccinate” the medium j^ainst the bacterium, 
do not exert an inhibitory effect upon bacteriophagy. Tlu! e.\peri- 
ments carried out with Shiga bacilli leading to this conclusion*’-* have 
been confirmed by Maitland."* 
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Another experiment, performed with the staphylococcus, may be 
cited since it substantiates further this conclusion. A flask containing 
250 cc. of bouillon (pH 7.8) is seeded with a strain of Staphylococcm 
auretis. After incubation for 15 days at 27°C. the culture is filtered 
through a Chamberland candle. Two series of tubes are then prepared 
as follows: 

Series I 

Tube 1. 10 cc. of fresh bouillon 

Tube 2. 7 .5 cc. of fresh bouillon + 2.5 cc. of the filtrate 

Tube 3. 5 cc. of fresh bouillon + 5 cc. of the filtrate 

Tube 4. 2.5 cc. of fresh bouillon + 7.5 cc. of the filtrate 

Tube 5. 10 cc. of the filtrate, undiluted with bouillon 

To this series of tubes a suspension of the staphylococcus is added, 
the strain being the same as that used for the preparation of the filtrate. 
After 24 hours all of the tubes arc turbid, but the turbidity in tube 5 
is about half as great as that in tube 1 . After 48 hours all tubes show 
the same degree of turbidity.* 

Scries II 

The initial mixtures of fresh bouillon and of filtrate are the same as 
those in scries I. To the 5 tubes a suspension of the staphylococcus 
is added to provide approximately 125 million organisms per cubic 
centimeter. All of the tubes arc then inoculated with 0.(X)1 cc. of 
Staphylo-bacteriophage. After 24 hours, the dissolution is complete 
in tubes 1 and 2, partial in the other three. After 48 hours it is com- 
plete in all. The number of corpuscles, per cubic centimeter at this 
time is: 

Tube 1. .52,000 million 
Tube 2. 46,000 million 
Tube 3. 38,000 million 
Tube 4. 44,000 million 
Tube 5. 50,000 million 

I have not been able to determine the cause of these differences, but 
in spite of this variation it is passible to conclude that the products 
resisting from the distinctive activity of the bacterium itself have no 
effect upon the phenomenon of bacteriophagy, nor upon the multipli- 
cation of the bacteriophage corpuscles. 

* According to this e.xperinicnt the staphylococcus, at least the strain under 
examination, has but little “vaccinating” activity. 
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The situation is quite different as regards the effects of the products 
resulting from bacteriophagy. The following experiment is illustrative. 

A bouillon suspension containing 250,000,000 bacilli per cubic 
centimeter is inoculated with 0.001 cc. of bacteriophage suspension. 
The next morning, that is, after 14 hours, dissolution is complete. A 
count shows that there are 1600 million corpuscles per cubic centi- 
meter. At this time a concentrated bacterial suspension is added to 
the dissolved suspension to again yield 250 million bacteria per cubic 
centimeter. Seven hours later the medium is again clear, and a count 
shows that there are in each cubic centimeter 2100 million corpuscles. 
This second dissolution being completed the bacterial count is again 
restored. This time the dissolution is not quite complete after 48 
hours; the medium still shows a slight clouding. The count is 2400 
million. At this time, then, the medium contains in each cubic centi- 
meter the dissolved substance of 750,000,000 bacteria. For the fourth 
time the suspension is made up to a bacterial count of 250 million. 
After incubation for 8 hours the clearing is slight. The count now is 
2600 million corpuscles. Inoculations upon agar or into broth remain 
sterile. From this it is clear that the more concentrated the medium 
becomes in dissolved substances the more marked becomes the inhibition 
and the less effective the process of bacteriophagJ^ 

As a malter of fact, such a result Ls not unexpected. Bacteriophagy 
and the resulting multiplication of corpuscles follow a general biological 
rule. Whether it be a bacterial culture, whether it be an enzyme 
reaction, whether it be bacteriopha®!-, the products resulting from all 
biological reactions first retard, then prevent, the reaction from con- 
tinuing indefinitely in the same medium. 

In concluding this section mention may be made of a statement by 
Bail and Matsumoto®* to the effect that there should be produced, in 
the course of bacteriophagy, as many t acteriophage corpuscles as bac- 
teria that have been destroyed. Nothing is less true. All experimental 
work demonstrates that the proportion of bacteriophage corpuscles 
which are formed, in proportion to the number of bacteria destroyed, 
may be 100 to 1, and even more. In order to demonstrate the error 
of these authors it is only necessary to count the corpuscles after bac- 
teriophagy of the staphylococcus. With potent races of the bacterio- 
phage one may readily find 100,000 million corpuscles per cubic centi- 
meter. Simply start with a staphylococcus containing 100,000 million 
cocci per cubic centimeter and sec if the statement of Bail and Mat- 
sumoto is correct. 
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5. BACTERIOPHAGY UNDER THE MICROSCOPE 

We have already seen how the destruction of the bacteria takes 
place through the action of the bactcriopliage. Here are a few other 
observations made in studying the course of bacteriophagy with B. 
dysent&'iae}^^ 

We know that if the inoculation of the bacteriophage has been 
massive, all of the bacteria are attacked at the outset; the fixation of 
the corpuscles takes place immediately. If a very active race of the 
bacteriophage is used, within 2 or 3 hours the medium commences to 
clear little by little, and becomes comi)letely limpid after a short time. 
If, on the contrary, the inoculation is minimal, the few corpuscles 
inoculated only affect an equal number of bacteria; the great majority 
remain unaffected and multiply as they would in a nonnal medium. 
But the corpuscles likewise multiply, following a progression more 
rapid than that pursued by the bacteria, so that within a few hours 
their number becomes equal to, or greater than, that of the bacteria. 
This is the time when macroscopic dissolution becomes evident. 

Let us consider the first ctise, that, of the massive inoculation. If we 
take from time to time a drop of the suspension up to the point when 
dissolution is complete, spread these drops on slides and stain, either 
with the Gram stain, with carbol-thionin, or by the Romanowsky- 
Giemsa method (all staining methods give essentially the same picture), 
results such as the following are secured. 

A suspension of Shiga bacilli, 250,000,000 per cubic centimeter is 
inoculated with 0.1 cc. of a suspension of the bacteriophage and incu- 
bated at 37°C. 

After fifteen minutes it appears as a culture of normal bacilli. 

After thirty minutes it appears essentially the same, except that a 
few of the bacilli arc poorly stained. 

After forty-five minutes about 10 per cent of the organisms stain 
poorly. 

Between one and two hours, the number of bacilli which stain badly 
continues to increase, and after 2 hours only a rare cell can be found 
which has taken the stain nonnally. At the same time, amorphous 
dCibris and granulations, derived most certainly from the bacteria al- 
ready dissolved are seen. Similar material is seen veiy abundantly in 
old normal cultures of the Shiga bacillus. These granulations dissolve 
more slowly than the remaining portions of the bacterial protoplasm. 
Finally, and this is a most important point, spherical forms, more or 
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less ellipsoidal, of variable dimensions, always rare, measuring 4 to 7 
by 3 to 5 /* may l)e detected. We will see in a moment to what they 
are due. There are occasional bacillary forms, well-stained, having a 
length of from 8 to 12 

Between the second and third hours the amorphous d4bris consider- 
ably augments and the bacillary forms rapidly disappear. A few spher- 
ical forms are still to be seen. 

After four hours, solution becomes more and more complete. Only 
a single poorly stained bacillus will be found in two or three fields. 

Gradually the formless d6bris disappears, and, in turn, the granules. 
After thirty-six hours nothing whatever can be distinguished in stained 
preparations. 

With the ultramicroscope at no time can .there be seen elements 
other than the bacilli (whose numlier gradually diminish, to disappear 
entirely in about two houre) and the extremely fine granules. It can 
hardly be said that the latter represent formed elements. At the 
beginning the bacilli present a normal appearance. After forty-five 
to sixty minutes fine gi’anules arc seen, ever becoming more and more 
abundant within the interior of the bacterial cells. The number of 
bacterial cells containing granules also rapidly increases with a cor- 
responding diminution in the number of normal bacilli. 

Not all of the amorphous material seen in the stained preparation 
is to be seen under the ultramicroscope. Apparently, strongly im- 
bibing water, it iissumes the same refractile index as the medium. 
This amorphous debris is certainly composed of the “floccules” which 
remain after the rupture of the bacteria, floccules which hydrate gradu- 
ally and which thus become invisible under the microscope even though 
they si ill take the stain. Neither in the stained preparation nor under 
direct exTunination can corroded bacteria be observed. 

At the stage of the process wdien the number of refractile granules is 
the greatest the swelling of the bacteria, of which we have spoken, 
is particularly noticeable, and it is interesting to note that these dis- 
tended bacteria are the ones which contain the greatest number of 
refractile corpuscles. The number of corpuscles reaches its maximum 
within those bacteria which are spherical and ready to burst. 

What do the fine granules that can Ijc seen under the ultramicroscope 
represent? While nothing can be affirmed with absolute assurance 
there is nothing to preclude the supposition that they represent the 
corpuscles of the bacteriophage, basing this upon the comparative 
examination of suspensions in which the number of corpuscles has 
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previously been counted. By such a procedure it is found that in 
taking two cultures presenting a great difference in count, a parallelLsm 
is always to be noted between the counts and the number of granules 
observed. 

It would likewise be well to recall what we have already seen with 
reference to the multiplication of the corpuscles, namely, that this 
multiplication appears to take place in successive jumps (which cor- 
respond to the rupture of a large number of parasitized bacilli) 
in which the number of corpuscles liberated after 1| to 1| hours cor- 
responds to about 18 to each single one inoculated. And we will see 
that the number of granules consequent upon the rupture of a cell 
amounts to between 15 and 25. There is, therefore, a great probability 
that the granules are actually the ultramicroscopic baeteriophagous 
corpuscles. 

We may consider a second case, that of a minimal inoculation. 
In this case the medium becomes more and more turbid before disso- 
lution actually commences. 

A suspension of Shiga bacilli, containing 250,000,000 per cubic 
centimeter is inoculated with O.OOOl cc. of a suspension of the bacterio- 
phage, a very active race being selected. 

After 30 minutes the medium has its original turbidity; essentially 
that of a normal culture of the Shiga bacillus. 

After one hour the original turbidity is still maintained. When 
smeared and stained all the bacilli are of normal shape, but an occa- 
sional form stains poorly. 

After two hours the culture is about twice as turbid as at fimt. 
There is amorphous debris in the bottom of the tube. All of the bacilli 
appear to stain normally. Many of the bacilli (about two in every 
three) are about four times the normal length, that is, of the bacilli 
used to seed the culture, and there are all intermediary forms. Oval 
and spherical forms are relatively numerous, but they are always 
fewer than would be expected from a comparative ultramicroscopic 
examination. Thasc forms are indeed very fragile and are particularly 
liable to destruction during fixation upon the slide so that their demon- 
stration in stained preparations requires great care. 

Alter three hours the suspension is slightly cloudy. The bottom of 
the tube is covered with fine debris without definite form, with, from 
place to place, great amorphous masses and numerous granules re- 
sembling those encountered in very old cultures of normally grown 
Shiga bacilli. Only a single spherical form can be detected in a ten- 
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minute search. Each field may contain a dozen large bacilli, well 
stained. 

After four hours the turbidity is very slight. There is somewhat 
less material in the bottom of the tube, and this shows only a single 
poorly stained bacillus to a field. 

After six hours the medium is limpid. There is still less deposit in 
the bottom of the tube and it is with difficulty that a single poorly 
stained bacillus may be found in searching 25 fields. 

After eighteen hours nothing at all can be seen in the preparation. 

As is evident, the aspect of this preparation differs but little from 
that seen in the former case, the only departure being that the bacilli 
which have grown immediately after inoculation, before the action of 
the bacteriophage becomes operative, present abnormally large forms. 

A comparable ultramicroscopic examination in the two cases shows 
that in the last, where the inoculation was made with a bacteriophage 
which was extremely active, at the time when dissolution occurs with 
greatest intensity, that is, between two and three hours after the inocu- 
lation, the spherical forms were present in greatest numbers. There 
were as many as two to three to a field, and their rupture was readily 
observed. When the bacteriophagic process is once terminated the 
most careful search fails to reveal such forms. 

It is here fitting to recall an observation already made which should 
be noted by those wishing to investigate the subject. When a simple 
fermentative action is operative it proceeds with uniform rhythm when 
under identical conditions. This is not the case here. Up to the pres- 
ent time more than a hundred different races of the Shiga-liacterio- 
phage have been isolated and no two of them have been found to con- 
duct themselves in an exactly identical manner. The final result is 
always as has been indicated, the phases of the phenomenon always pro- 
gress in the same order, but the time oi the reaction will varj'. With 
one race of the bacteriophage complete dissolution is obtained in three 
hours, with another, only after twelve hours. The phases follow each 
other in one case four times more quickly than in the other. 

Another point which should be remembered is that all that which 
has been said up to the present time has been in reference to bacterio- 
phagous races which were extremely active; that is to say, races capa- 
ble of producing a complete dissolution of a normal suspension of 
bacteria. 

A summary of the foregoing shows that, in so far as the microscopic 
observations are concerned, there is no time when one can distinguish 
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in stained preparations, whatever the magnification, microorganisms 
other than B. dysenteriae. 

We have already stated that corroded or partially destroyed bac- 
teria, such as would necessarily occur if the dissolution was made from 
the outside inward, are never seen. Destruction always takes place 
by rupture. This is true not only for the dysentery bacillus but for 
all bacteria which undergo bacteriophagy. Furthermore, for all 
species the “microscopic” picture of the phenomenon is the same. 

Examination under the ultramicroscope clearly indicates, then, that 
the bacteriophage corpuscles multiply within the interior of the bac- 
terial cell, and it is possible that the very fine refractile granules, so 
small as to approach the limits of visibility with the dark-field, ob- 
served within the interior of the bacteria in process of being bacterio- 
phaged represent these corpuscles. These granules are still visible 
in the floccules which float in the liquid for some time after the rupture 
of the bacteria. They cease to be visible when the floccules are com- 
pletely dissolved. 

This part of the discussion is, evidently, only an hypothesis, for as 
yet it is impossible to affirm that these fine corpuscles may not be due 
to changes in the bacteria. Nevertheless, the “coincidences” argue in 
favor of their bacteriophage nature. 

The fact that these granules are only visible when within the bacteria 
and that they cease to be so when they are free in the medium is not a 
basic objection to this view. That the bacteriophage is of corpuscular 
nature is undoubtedly true; indeed the fact is no longer questioned.* 
We will see that its dimensions are essentially the same as those of the 
protein micella. Its diameter has been determined by Prausnitz 
in one way and by von Angerer in another, and both methods agree 
in placing the size at between 20 and 30 millicrons. If it is not visible 
under the ultramicroscope it is most certainly because of its strong 
power of imbibition ; the same thing that prevents the protein micella from 
being visible,t namely, because their refractile indices are essentially 
the same as that of the liquid in which they are suspended. But the 
index of refraction of the bacterium is certainly different from that of 
the liquid medium, as is shown by the fact that they are perfectly 
visible without staining. It follows therefore that the index of rcfrac- 

♦ Doerr is the only author who is not quite convinced upon this point, although 
he does not deny it. 

t Metallic micella, even those whose diameter is much less, are visible because 
the index of refraction differs from that of the liquid. 
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tion of the bacteriophage corpuscle must be different from that of the 
substance of the bacterium within which it multiples. And it violates 
no fundamental principle to assume that the corpuscle can be visible 
when found enclosed within the substance of the bacterium or even in 
the floccules before they dissolve, and that it may cease to be visible 
just as soon as these floccules are dissolved. However this may be, 
the visibility of the bacteriophage corpuscle within the bacterium is 
only an hypothesis, but it is a plausible and possibly a probable hy- 
pothesis. 

In concluding this section we may call attention to two facts which 
tend to show that, vmdcr the action of the bacteriophage, the electrical 
potential of the bacteria (which are, as we know, negatively chained) 
is diminished. In the first place it can readily be shown that their 
affinity for basic dyes is reduced, and in the second place, very frequently 
an agglutination takes place; the bacteria flocculate under the action 
of the bacteriophage. Flocculation results from an increase in the 
surface tension, associated with a reduction in charge. 

RESTTM^ 

The bacteriophage corpuscle is unable to multiply in any medium in 
the absence of living and normal bacteria. The bacterial cell con- 
stitutes the sole culture medium for the bacteriophage (d’llerelle®'®). 
An experiment of Wollmann*®® suggests that development, to some de- 
gree, may occur in the presence of diffusible bacterial products. 

The first act of bacteriophagy consists in the approach of the bac- 
teriophage corpuscle toward the bacteria, then in the fixation of the 
corpuscle to the latter (d'Herclle®*’^). The rapidity with which fixation 
takes place depends upon various factors; principally upon the degree 
of activity of the bacteriophage. Fixation Is the more rapid the higher 
the virulence of the bacteriophage corpuscle. 

The fixation is specific, that is to say, that it takes place only with 
susceptible bacteria (dTIerelle®®0, and it may occur even if the bacteria 
are dead (da Costa Cruz^®*). There is, however, an exception to this; 
the bacteriojphage corpuscle fixes itself upon a bacterium naiuraUy 
refractory to the action of this bacteriophage provided the latter at- 
tacks other strains of bacteria belonging to the same species (Janzen 
and Wolff®”). This is not true for bacteria with an acquired resistance. 

The bacteriophage corpuscle penetrates into the interior of the 
bacterial cell. When, as a result of its faculty of multiplication, the 
bacteriophage corpuscle which has penetrated into the bacterium forms 
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a colony of a number of elements, the bacterium ruptures suddenly, 
liberating into the medium the young corpuscles which are then ready 
to continue the action (d’Herelle®”^'®®*)- 
The extent to which the bacteriophage may multiply in the course 
of the process of bacteriophagy, that is, the final litre of the suspension, 
depends upon various factors, but the factor having by far the greatest 
importance is the total number of bacteria capable of being bacterio- 
phaged, and consequently available for serving as a ‘‘culture medium” 
for the bacteriophage corpuscles (d’Hcrelle**'). 
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Tmz Virulence op the Bacteriophage 

1. VARIATION IN THE ACTIVITY OF BACTERIOPHAGE CORPUSCLES 

Among the very first of the facts revealed by my early studies’*^® 
was the observation that bacteriophage principles, as isolated from 
natural sources, presented very considerable differences. Subsequent 
study has afforded abundant confirmation of this.’ With regard to their 
action upon a single bacterial strain different races of the bacteriophage 
possess differing degrees of activity. Just as there are races which 
provoke within a few hours a total dissolution of all of the bacteria 
to be found in a turbid suspension, so also there are other races of so low 
an activity that their presence can be detected only by the demonstra- 
tion of the rare and minute plaques which they form upon agar. 

lOarly in the first chapter the technic for disclosing the presence of 
the bacteriophage in different types of material was described. If, 
following this technic, a scries of studies are undertaken for the purpose 
of isolating races of the Sliiga-bacteriophage, for example, it will quickly 
})ecoiiic apparent that when bacterial suspensions, identical except for 
bacteriophage material, are inoculated with equal quantities of different 
filtrates a complete dissolution of the bacteria is not always obtained. 
The following experiment is ample to demonstrate this. 

Inasmuch as the intestinal contents of animals, — horses and fowl, in 
jiarticular almost always contain a bacteriophage active against B. 
(lysenteriae Shiga, procure a dozen specimens of feces from animals of 
these species. Prepare filtrates according to the method described 
(( liapter I) for working with such materials. At the same time prepare 
12 tubes from a young agar culture of B. dysenteriae Shiga, each tube 
containing 10 cc. of a liroth suspension having 75 million bacteria per 
cubic cent 'meter.* The turbidity of such a suspension is slight, yet the 
broth is definitely clouded. Add to each of the tubes 5 drops of one of 

* I have shown that for such a study it is preferable to use suspensions con- 
taining but 75 to 100 million ))acteria per cubic centimeter instead of bouillon 
cultures. 
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the 12 filtrates. Place thcra in the incubator at 30®C.* After incubation 
for 24 hours it will be found, as a usual thing, that some of the suspen- 
sions are limpid, indicating thus the presence of a very active bacterio- 
phage. Other tubes are but slightly less clouded than the control sus- 
pension without added filtrate. Others are as turbid as the control, 
sometimes even more so.f Filter these cloudy, or turbid, suspensions 
through candles. Add 1 cc. of each of the filtrates to a tube containing 
10 cc. of a suspension (250 million per cubic centimeter) of Shiga bacilli, 
and immediatelj’’ spread 0.05 cc. of the mixture upon a plate or an agar 
slant. After incubation, some of these agar cultures will appear sterile; 
others will show confluent or isolated plaques. In some tubes the 
plaques will be lai^e; in others small, even pin-point in size. 

This experiment shows that different bacteriophage races, although 
active for a single strain of bacteria, present a whole range of potencies. 
Some of the races cause a prompt and complete dissolution of heavy sus- 
pensions; others can be detected only by the formation of minute pla(iucs 
upon the agar. Between these extremes are all intermediate degrees of 
activity. Indeed, it is quite {)ossible tliat there are still weaker races 
which escape detection because of an insufficiently delicate technic. 

But, it may bo said, we know that the bacteriophage principle is 
formed of corpuscles. May it not be that the differences in activity 
as manifested by different filtrates are due, not to a qualitative differ- 
ence among the corpuscles, but rather to a difference in the number of 
corpuscles present within a given volume of the different filtrates? Is 
it not possible that the very active filtrates contain a large number of 
corpuscles, while those which are weak contain but few? 

Tw'o observations already recorded suffice to show that there is indeed 
a qualitative difference among the corpuscles. We have seen that as a 
matter of fact bacteriophagy may be complete in some instances if but 
a single very active corpuscle is introduced into the bacterial suspension. 
And yet in other cases, in the suspensions which remain turbid, there 
may be a great many corpuscles, as shown by the fact that a single drop 

* At first*'* I stiatcd that the temperature should be 37°C. More recently 
Hauduroy has suggested that it is preferable to allow the tubes to remain at room 
temperature. Taking into consideration the results obtained in all of the experi- 
ments performed it would seem that with weak races of bacteriophage the results 
arc best when the temperature is held at SO^C. 

t In general, it appears that the feces of animals contain a more active bac- 
teriophage in summer than in winter, and that the fecal bacteriophage is more 
active in hot countries tlian in cold regions. We will return to this subject in 
Part III. 
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planted upon agar yields many plaques. This can only mean a qualita- 
tive difference. The many corpuscles present in the second case are 
not as powerful as the single very active corpuscle. 

The second observation bearing upon the idea of a qualitative dif- 
ference deals with plaque formation. Each plaque has its origin in a 
single corpuscle. The plaques vary in diameter with different races of 
the bacteriophage, and we know definitely that the formation of lai^e 
plaques corresponds to races of the bacteriophage which cause a com- 
plete dissolution of the suspension, while those which do not dissolve the 
bacterial suspension completely yield little plaques. The more potent 
the corpuscle, the greater the area of the plaque (d’Herelle*'*). 

The idea of qualitative variation among raees of the bacteriophage 
receives additional support from the fact that everyone who has studied 
the phenomenon is in agreement upon this point. 

But what is the real reason for this variation in activity among diff- 
erent races of the corpuscular bacteriophage? The following experi- 
ment contributes the answer.®*^ 

A. Ten cubic centimeters of a suspension of Shiga bacilli are inocu- 
lated with 1 cc. of a filtrate made directly from the feces of a patient with 
dysenteiy. The suspension is held at 37°C. Counts of the corpuscles, 
made at different times during the incubation, give the following results 
when 0.01 cc. is plated on agar. 

When plated immediately, 16 plaques develop, representing 1600 
corpuscles per cubic centimeter. The filtrate from the feces therefore 
contained 16,000 per cubic centimeter. 

After one and one-(}uarter hours, the count is 40 plaques, or 4000 
per cubic centimeter. 

After two and one-half hours, a 1:10 dilution gives 42 plaques, or 

42.000 per cubic centimeter. 

After three and three-<iuarter hours, a 1:100 dilution gives 18, or 

180.000 per cubic centimeter. 

After five hours,, a 1:1000 dilution gives 4, or 400,000 per cubic 
centimeter. 

After fourteen hours, the dissolution is not complete, the medium is 
cloudy aiid becomes more and more turbid, so that after forty-eight 
hours it is very turbid. Here there is an abundant culture, but the 
solution is never complete. The bacteria have, then, acquired a certain 
resistance which has allowed them to reproduce in spite of the presence 
of the bacteriophage. 

A result of tUs kind is usual when the filtrate is prepared from a stool 
taken shortly before the manifestations of convalescence appear. 
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B. Ten cubic centimeters of the Shiga suspension are inoculated with 
1 cc. of the filtrate prepared from the feces from the same d3^enteiy 
patient, but collected 24 hours later, the patient now being convalescent. 
Counts of this mixture give: 

When plated immediately, no plaques, or less than 100 corpuscles 
per cubic centimeter. Thus, the filtrate contained less than 1000 per 
cubic centimeter. 

After one and one-quarter hours the plating shows no plaques. 

After two and one-half hours there are 9 plaques, or 900 corpuscles 
per cubic centimeter. 

After three and three-quarters hours, in a 1 : 10 dilution, there are 27 
plaques, or 27,000 per cubic centimeter. 

After five hours, a 1:1000 dilution shows 13 plaques, representing 
1,300,000 per cubic centimeter. 

In this last experiment (B) the corpuscles were present in the filtrate 
in very small numbers, certainly less than 1000 per cubic centimeter, 
that is, there were less than onc-sixteenth as many as in the filtrate of 
the first preparation (A). Nevertheless, the suspension was completely 
dissolved in ten hours and the fluid remained sterile indefinitely. 

It is unnecessary to insert here the many e.xpcriments made for tlie 
purpose of proving that the multiplication of the bacteriophage cor- 
puscles is always proportionate to their activity. All have given results 
comparable to those presented above: The more active the bacterio- 
phage the greater the multiplication of corpuscles. We have alreacly 
seen in the preceding chapter that with a Shiga-bacteriophage of low 
activity a single corpuscle yielded only 17 millions after 24 houra, while 
under the same conditions, a single corpuscle of a very active race gave, 
in the same length of time, 12,000 million per cubic centimeter. W'ith 
these two races the increase with the second is 700 times that of the 
first. With the Staphylo-bacteriophage I have observed an increase 
from 1 corpuscle to 780 millions with a race of average activity, and 
from 1 to 98,000 millions with a race that is very active. Here, with two 
races acting under the same conditions one is 125 times more active 
than the other. For but slightly active races figures still lower have 
been observed. 

From these results it may be concluded that activity in the bacterio- 
phage corresponds to the vigor with which it multiplies at the expense 
of susceptible bacteria (d’Herelle®“). 

This conclusion leads to an interesting deduction: the facts disclose a 
curious coincidence, not without significance. What do we mean by the 
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virulence of a pathogenic bacterium? Simply the power to develop 
within and at the expense of the host, and we consider the degree of 
virulence to be the higher as this development is the more rapid. Logi- 
cally, then, if these definitions are correct that which we have termed 
“activity” in a bacteriophage corpuscle represents a “virulence” in 
the strictest sense of the word (d’Herelle®“' It is evident, and not 
without interest, that the term “virulence” as applied to the bacterio- 
phage is employed in this same sense by those authors (Otto, for ex- 
ample)^®’ who still consider the bacteriophage to be a ferment. 

2. EVALUATION OP THB VIRULENCE OP A BACTERIOPHAGE 

The virulence of the bacteriophage being variable from one race to 
another, it is desirable to be able to express numerically the virulence 
of a given race. Let us consider the methods which have been proposed, 
and evaluate them with regard to their precision and their utility. 

From the very first of my studies I have advocated and employed 
solely the method involving an enumeration of the corpuscles. To this 
end I have carefully spread upon an agar slant in a 22 mm. tube, 0.02 
cc. of a suspension of the susceptible bacterium containing 250 million 
bacteria per cubic centimeter inoculated with a dilution of the bac- 
teriophage of such a titre that, after incubation, the plaques are iso- 
lated.®®^ In some instances, as an alternative procedure, I have used 
Petri tllshes, and in this case I have spread 0.05 cc., or 0.02 cc. of the 
suspension, according to the size of the plate.*®* This method is the 
iinhf one which should be employed for the study of the phenomenon of 
bacteriophagy if false interpretations, associated with poor methods of 
evaluating the bacteriophage, are to be avoided. 

When it is not essential to obtain results of the greatest accuracy, for 
example, when it is desired simply to observe the variations in virulence 
shown by the bacteriophage as isolated from the body at different stages 
of a disease and during convalescence, a more simple and rapid method 
may be employed, based upon the development of bacteriophagy in a 
liquid medium and on the general appearance of agar sub-cultures.*®* 

Since it will be necessar)^, in many cases throughout this discussion to 
indicate the relative degree of virulence possessed by a given race of the 
bacteriophage, it may be well to indicate here a method to express this 
virulence. This system is somewhat arbitrary, but it meets all practical 
needs, and will facilitate expression. 

0 = no virulence toward a given bacterium. Normal cul- 
tures of the bacterium develop in bouillon or on agar. 
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whatever the quantity of the filtrate from the feces 
which had been added. 

+ = weak virulence. The growth in bouillon of the bac- 
terium to which the filtrate has been added is appar- 
ently normal. Transfer of this culture to agar gives, 
after incubation, a culture layer showing a few minute 
plaques. Some of the bacteriophagous corpuscles 
have therefore attacked the bacteria and have formed 
colonies. 

+ -f- = medium virulence. The culture of the bacterium to 
which the filtrate has been added is almost normal in 
bouillon. Transfers of this culture to agar give, after 
incubation, either a culture layer of the bacterium 
studded with verj' numerous colonies of the bacterio- 
phage, presenting an appreciable surface area, or of 
fragments of bacterial culture because of the veiy 
great number of bacteriophage colonies. 

+ -l--b = high viralonce. Dissolution of a bacterial suspension 
is obtained but secondary cultures constantly develop. 
The rcinoculations on to agar remain sterile or give 
only rare colonies of the bacterium. 

-t-4- + + = extreme virulence. The bouillon suspension shows 
complete, and, in general, permanent dissolution. 
Inoculations on to agar always remain sterile. 

Obviously, it would be possible to establish a more detailed sciilc of 
virulence. In fact, this has been done in the curves which will be given 
in Part III of this text, where the interval between no virulence and 
extreme virulence has been subdivided into ten steps, in accordance 
with the aspect of the cultures, the number of colonies of the bacterio- 
phage, and the size of the plaques, which bear a relation to its virulence. 
Practically, the appreciation is adequate with four steps, particularly 
in view of the fact of the extreme variability of virulence in the bacterio- 
phage in the body of a single individual from one time to another. 

Perhaps the first method for determining virulence which we should 
consider is that of Appelmans.” Objecting to the method of plaquo 
counting on the grounds that colonies of the bacteriophage upon agar— 
the plaques— are sometimes difficult to see (an ill-founded objection) 
and that plaques may be confused with bare spots on the agar due to the 
method of distribution of the material during the spreading (a difficulty 
encountered only when the technic is poor) he has proposed a method 



VIRULENCE OF THE BACTERIOPHAGE 


143 


analogous to that devised by Miquel for counting bacteria, that is, the 
procedure known as the “method of successive dilutions/' 

In accordance with this procedure 1 cc. of the bacteriophage suspen- 
sion to be “titrated" is added to 9 cc. of bouillon. This gives an initial 
dilution of 1 : 10 , each cubic centimeter containing 1 - 10 ^^ cc. of the 
original suspension.* One cubic centimeter of this first dilution is 
removed and introduced into 9 cc. of bouillon. This second dilution is 
1 : 100 , containing per cubic centimeter 1 * 10”2 cc. of the original sus- 
pension. One cubic centimeter of this dilution is then carried on into 
9 cc. of bouillon, giving a third dilution, 1 : 1000, each cubic centimeter 
containing 1'10“^ cc. of the original suspension. Continuing thus, by 
tens, the dilution up to the twelfth tube, a series of dilutions is obtained 
in which in each cubic centimeter of the individual tubes there is I-IO'^, 
1 - 10 - 2 , 1-10 3 , MO-^ MO-S MO-3, 1 . 10 - 7 ^ MO-S 1-10“9, l-10~i», 
1*10"^S and 1 * 10 “ cc. of the original suspension. 

Having prepared those dilutions Appclmans next seeds each of them 
with a culture of the susceptible bacterium and allows bacteriophagy 
to proceed. The greater the dilution with which bacteriophagy takes 
place the more active was the original bacteriophage suspension. 

This method has proved very attractive, doubtless because of its 
appearance of “mathematical" precision. In reality it has exerted an 
unfortunate influence upon the study of bacteriophagy, for this pro- 
cedure is, in great part, responsible for the errors which have been com- 
mitted by those who have employed it. Several circumstances render 
results obtained by this method invalid, among which we may mention 
the following. 

1 . The method can not be employed for measuring the virulence of a 
race of bacteriophage of weak virulence. The difficulty here rests in 
the fact that such a bacterioiihage in no way inhibits the development 
of bacteria. The presence of such races in a fluid medium can be dis- 
closed only by the develoiiment of plaques when this fluid is spread 
upon agar.®^*^ I am aware that many authors (Otto,^®® and later Doerri®® 
and their collaborators) have supported the reverse opinion, namely, 
that a bacteriophage of weak virulence may be detected by “lysis" 
in bouillon when plaques arc lacking. But these authors have fallen 
into a double error, as will be pointed out shortly. 

* Obviously, one might take 4.5 cc. of boullion and add to it 0.5 cc. of the bacteri- 
ophage suspension. Then pr<)coding by removing 0.5 cc. of this first dilution and 
introducing it into 4.5 cc. t)f bouillon, a second dilution would be obtained. 
Continuing thus a scries could be prepared in all respects comparable to the series 
described. 
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2. With bacteriophage races of average activity “secondary cultures” 
(of which we will speak in the next chapter) develop, and where this is 
the case the method of dilutions gives results which are entirely false. 

3. For very virulent bacteriophages the precision of the method is in 
inverse proportion to the degree of dilution. Yet, with such races, it 
is in the high dilutions that precision is most essential. As illustrating 
this, here is a titration of a suspension of Staphylo-bacteriophage made 
by the dilution method. Duplicate titrations are made. 

First titration. The last dilution in which bacteriophagy takes place 
is 1-10~*®. From this one might conclude that in cc. there is 

but one corpuscle, and that the original suspension contained, therefore, 
10,000 million per cubic centimeter. 

Second titration. In this the last dilution to show bacteriophagy 
is 1-10~“. Applying the same reasoning, this time the suspension 
should contain 100,000 million per cubic centimeter. Obviously these 
two determinations present a very considerable discrepancy. 

By means of counts of the colonies of the bacteriophage developing 
on agar wc find an explanation of the difference. As a matter of fact 
these counts show that the original suspension contained 81,000 million 
corpuscles per cubic centimeter. There were in reality 8 corpuscles 
in the 10 cc. of the 1 ’lO"*® dilution. Consequently, the 1'10~“ dilu- 
tion shows, or does not show, bacteriophagy, depending upon whether 
the particular fraction removed from the 10~^® tube contained, or did 
not contain, a corpuscle. 

In the first dilutions, the error resulting from this fact is negligible. 
It would be a maximum of 90 corpuscles between 10~^ and 10~®, of 900 
corpuscles between 10~® and 10“*. But it becomes enormous in the 
higher dilutions. The error may amount to 900 million between 10~® 
and 10“®; to 9000 million between 10"* and 10"*®; and to 90,000 million 
lietwcen 10"*® and 10"**. 

This error of technic makes it readily apparent that errors of inter- 
pretation of considerable significance may result from the use of such a 
method, a fact all the more unfortunate since the procedure has an 
atmosphere of precision. We have mentioned in the preceding chapter 
one of the mistakes made by Doerr in relation to the multiplication of 
bactoiophage corpuscles. 

With reference to this method it is interesting to cite an observation 
of Gratia and de KruiP^® which, to them, seemed “curious,” although in 
reality it is not so strange. These authors prepared a series of in- 
creasing dilutions of a suspension of CoU-bacteriophage, and found the 
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last active dilution to be 10~*. Working with these dilutions in a 
volume of 5 cc., they removed 4 cc. from the last active dilution and 
distributed it as follows: 

a. One cubic centimeter into a sterile tube. 

b. One cubic centimeter into a tube with 10 cc. of bouiUon. 

c. One cubic centimeter into 100 cc. of bouillon. 

d. One cubic centimeter into 1000 cc. of bouillon. 

The four specimens were then seeded with a culture of B. colt. Bac- 
teriophagy took place in all of them. It seemed strange to Gratia and 
de Kruif that bacteriophagy should occur in the flask containing 1000 
cubic centimeters, whore the “concentration of the Isdiic principle,” ac- 
cording to their expression, was only 10~^^ when it did not take place in 
the 10' * dilution when w’orking with 5 cc. quantities. Inasmuch as a 
long time before this I had shown that bacteriophagy takes place if but 
a single corpuscle is added to a bacterial suspension,and that bacterial 
dissolution does not occur if this corpuscle is lacking (a condition re- 
calling the “all-or-none law”), the results of Gratia and de Kruif should 
not have appeared so unusual. 

Incidentally, the term “concentration” as applied by these authors 
to the bacteriophage principle is an expression without significance, 
and it can only lead to confusion when used in this connection. 

Werthemann'*'’ has proposed a scheme of notation designed to express 
the “concentration” of the bacteriophage principle. According to this 
scheme “concentration” is indicated by the exponent of the last active 
dilution. For example, in the experiment of Gratia and de Kruif 
already mentioned, the Coli-bacteriophage would be termed active up 
to the concentration 1*10~®, or clS according to the scale of Werthe- 
mann. Since concentration is not the dominating factor in the phe- 
nomenon of bacteriophagy one might well question the significance 
of such a notation. Not only docs it aggravate the defects inherent 
in the method of titration by dilution, but it adds a false conception. 
To ascertain how invalid such a method is I would recommend that 
those who employ the procedure repeat the experiment of Gratia. 

Beckerich and Hauduroy*’ have proposed the follo^g method. 
Each of a series of tubes receives 1 cc. of a young culture of the sus- 
ceptible bacterium. The bacteriophage suspension whose activity is 
to be measured is then added in decreasing quantities — ^perhaps 1:3 in 
the first tube, 1:5 in the next, up to a dilution equal to 3 parts 
in 10,000,000,000. A portion of the contents of each tube is spread 
over an agar plate, while the rem^der is retained in tiie tube to indi- 
cate what takes place iu a fluid medidm. ^ 
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After incubation at 37°C. they note the presence or absence of plaques 
on the plates, and designate the result by Pi, Pj, P 3 , etc., according 
to the number of plaques. If plaques are abundant they use the terms 
many, or very numerous. As for the results in the fluid media; Lo 
indicates no dissolution, Lj means a slow and partial dissolution, L* 
is a partial dissolution, and L 3 implies a complete solution. 

Here is an example cited by them, showing that a weak bacterio- 
phage can not be measured by the dilution method. Indeed, it may 
not even be detected. Expressed according to this scheme, using a bac- 
teriophage very weakly active for li. paratyphoms B the results were : 

l^llution, 1.3,1 many? 1^0 
Dilution, 1:.30; Prare; Lo 
Dilution, 1:700; P#, Lo 

This method of Beckerich and Hauduroy, based upon the principle 
which I have advocated determines simultaneously both the dissolv- 
ing power in a fluid medium and the formation of plaques upon a solid 
medium, and it permits an approximately accurate titration, disclosing 
bacteriophage races which would remain undetected by the dilution 
method alone. Nevertheless, there is one criticism which may be matlc 
to the work of Beckerich and Hauduroy. In certain of their titrations 
with potent Shiga-bacteriophages it appears that the fonnation of 
plaques does not always follow when a quantity of suspension, most 
certainly containing corpuscles, is spread over the agar. 1 have carried 
out some thousands of titrations, and I have never observed this sort of a 
result. It must be due to some error in their experiments which remains 
undetected. 

Janzen and WolfiP” effect a titration employing the following technic. 

1. One drop of the suspension of bacteriophage to be titrated is in- 
troduced into a culture of the susceptible bacterium. 

2 . A tube of bouillon lightly seeded with culture is also inoculated 
with 1 drop of bacteriophage suspeasion. 

3. Immediately after the mixture is made 1 drop of culture no. 1 is 
spread over an agar plate. 

After incubation the results with culture no. I are recorded as 
++ + + (complete dissolution), + ++, ++, or + ^partial dissolu- 
tion), or finally as ± if the dissolution is hardly perceptible. With 
culture no. 2 , (which is a seeded liouillon, not a turbid suspension) no 
growth is expressed liy + + ++, very weak, and weak growth by 
+++ and ++, and growth but slightly less than the control by +. 
Culture no. 3, designed to show plaque formation on agar, gives results 
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recorded as + + + +, meaning sterility, + ++> meaning confluent 
plaques, ++, many plaques, or +, indicating that plaques are few. 

This is an excellent method for approximating quickly the degree of 
virulence of a bacteriophage, but it is not sufficiently precise for a study 
of the detailed features of the process of bac^teriophagy. The authors 
who devised the method have used it for studies to which we will give 
considerable attention, and for which the method yields fully adequate 
results. 

Pfreimbter, Sell and Pistorius^®*' follow a procedure which consists in 
adding a drop of the bacteriophage suspension to be titrated to a sus- 
pension of the susceptible bacterium and spreading a definite quantity 
of this mixture upon agar plates, immediately after preparing the mix- 
ture, and again after intervals of 3, 6 , and 24 hours. After the plates 
are incubated the presence of plaques and the number found provide 
the significant data. 

This is a very good method, especially for comparing the virulences 
of races that are weak. With highly active races it is necessary to work 
with dilutions. 

According to the technic of Otto and Munter,^®® a culture of the sus- 
ceptible bacterium is spread over the surface of an agar plate and upon 
this surface drops of the suspension to be titrated, diluted to different 
degrees, are deposited. After incubation the areas where the drops of 
bacteriophage were deposited are observed and the results arc recorded 
as 0 , meaning a normal bacterial culture, that is, i;o bacteriophage, 
db, indicating a few plaques,* +i and +2 implying that plaques are 
numerous or confluent, + 3 means that only isolated bacterial colonies 
develop, and +4 denotes that the surface of the agar is sterile. A 
record of such a titration, employing this notation, is: 

Dilution, 1 : 1000, + 4 
Dilution, 1:1,000,000, +2 
Dilution, 1:100,000,000 ± 

In effect, this procedure is simply a modification of the methpd of 
counting colonies of the bacteriophage. But it lacks accuracy, and it is 
precisely this defect which has caused those who devised the method to 
arrive at certain erroneous deductions.^®* Yor example, they observe 
that when greater and greater dilutions of a fluid containing the bacterio- 
phage are made, a degree of dilution is reached where spreadings no 
longer show plaques, although in this dilution active principle is un- 

• A rather curious notation, ^or the sign db usually indicates a doubtful result. 
If there are plaques, there is no chance for doubt, the bacteriophage is present. 
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doubtedly still present, since it may be revealed by passages. The 
cause for this difficulty is readily explained. Let us suppose that the 
limiting dilution is one where there is but a single corpuscle in the whole 
volume of tlie dilution. This is, as we know, sufficient to cause bac- 
teriophagy. Let us remove a drop of this dilution and spread it upon 
agar. Either the corpuscle will be in the drop taken or it will remain 
in the rest of the fluid in the tube, and naturally, the second possibility 
is tlie greater. What will happen? In the first case we will have a 
plaque when the spreading is made on the agar, and as no bacteriophage 
corpuscles will be left in the dilution bacteriophagy will not take place 
there. The deduction here would be that bacteriophagy in the fluid 
medium does not take place when but few corpuscles are present, even 
though they are very active. In the second case, it may be concluded, 
as Otto and Munter decided, that bacteriophagy in a fluid medium takes 
place, even when plaques do not appear after the material is spread upon 
agar. Both conclusions are equally false, and a defective method of 
titration is responsible for the errors. 

Maitland‘S- has proposed a method of titration also based upon the 
principle of counting the plaques found on agar. He prepares 6 dilu- 
tions, from 10“^ to in suspensions of the susceptible bacterium. 
A fixed and uniform (luantity of each of these dilutions is spread upon 
agar, and after incubation he denotes the appearance of the agar cul- 
tures by numbers, as follows: 

1 = 1 to 10 plaques 

2 = 10 to 20 plaques 

3 = numerous plaques 

4 = confluent plaques 

5 = culture broken up into irregular masses 

6 = traces of culture growth 

7 == culture d6bris 

8 = isolated colonies 

9 = but a single colony, or medium sterile 

Here is an example of such a titration, showing how, by repeated 
platings he observes the multiplication of the bacteriophage in the course 
of bacteriophagy. The titration is performed with a culture of B. 
dysenteriae 24 hours old, to which is added an appropriate quantity of 
the filtrate prepared from the feces of a patient convalescent from bacil- 
lary dysentery. From time to time (as indicated) specimens of the 
mixture are removed, dilutions arc made, and agar plates are spread. 
The results obtained are given in table 13. 
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This method is certainly a good one, but it would be still more ac- 
curate and much more simple if the number of plaques, that is to say 
the number of bacteriophage corpuscles, was plainly stated. 

Such are the different methods proposed. Can it be assumed that 
any of them permit a precise evaluation of the virulence of a bacterio- 
phage? A logical method of titration must take the facts into con- 
sideration; it must recognize the physical state of the bacteriophage as 
well as its behavior. We know several facts which should afford a 
basis for a proper method of titration. Thus, we know (1) that the 
bacteriophage exists in the form of corpuscles, and (2) that it is possible 
to enumerate these corpuscles. We also know (3) that the corpuscle 
possesses a “virulence” in the true sense of the word, that is, it possesses 
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1 
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7 
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1 
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8 
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0 


1 

1 1 


the faculty of multiplying at the expense of bacteria; and (4) that the 
vimlence of bacteriophage corpuscles is variable, the degree of virulence 
of different corpuscles being strictly proportional to the rapidity with 
which each race multiplies. 

From these faiits, based upon the experiments detailed in the preced- 
ing chapters, it follows that if we inoculate a series of tubes containing 
identical suspensions of a susceptiWe bacterium with equal quantities 
of bacteriophage suspensions derived from different sources, we will 
find, after a given time, the conditions throughout being the same, that 
the resulting bacteriophage suspensions will each contain a different 
number of corpuscles. These numbers will be strictly proportional to 
the virulence of the different bacteriophages.* 

* It may be noted that if it were possible to effect the same operation with a 
pathogenic bacterium we could likewise obtain a numerical expression of viru- 
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In view of the nature of the bacteriophage and considering the prin- 
ciples governing its reproductive activity it would seem that the fol- 
lowing technic should serve best for determining the rate of multi- 
plication of a race of the bacteriophage. 

Take a series of 12 tubes, each containing 4.5 cc. of the bacterial 
suspension with respect to which the virulence of the bacteriophage is 
to be measured. This suspension should be prepared from a fresh 24- 
hour agar culture of a known susceptible strain, and should contain 100 
million bacteria per cubic centimeter. Introduce 0.5 cc. of the bacterio- 
phage suspension (whether it be fecal filtrate, bacteriophage culture, or 
what not) into the first tube of the series. Shake thoroughly. This will 
give an initial dilution in which each cubic centimeter will contain 
1-10"^ cc. of the original suspension. Remove* 0.55 cc. of this 10“^ 
dilution and introduce 0.5 cc. into a second suspension, giving thus a 
dilution of 10*"^, Spread the 0.05 cc. remaining in the pipette over an 
agar plate.t 

After carefully shaking the second dilution remove 0.55 cc. and spread 


lence. Thus, with 2 strains of B. peslis we could inoculate 2 guinea pigs with a 
like quantity of the 2 cultures. After a given time, for example, 48 hours, if it 
were possible to determine the exact number of plague bacilli present in each of 
the 2 pigs, we would have 2 figures which would represent the relative virulences 
of the strains. Such a determination would be infinitely more exact than the 
usual method, based upon the time factor or upon the lethal dose. 

* Various authors have observed that it is necessary to use a fresh sterile 
pipette for each successive dilution. This is self-evident, and I liave always 
followed this procedure, for it is olivious, since the bacteriophage is corpuscular, 
that if but one single corpuscle remains adherent to the wall of the pipette it 
will suffice to completely falsify the result. This would be much less significant 
if the bacteriophage were soluble, like an antibody, for example. 

t It is essential that neither the surface of the agar nor the cover of tin. Petri 
dish contain excess moisture which will mix with the drop of suspension and thus 
form in clTcct a fluid medium in which the bacteriophage can develop. This would 
give an entirely erroneous result. To avoid such an excess of water of condensa- 
tion the agar should Ije cooled to 50 to 55® before it is poured into the plates, and 
as additional precautions, when the agar has solidified the covers of the plates 
should be replaced by fresh sterile covers, and the plates then placed in the 
incubator until the next day. In this way the agar becomes well dried out and 
the drop of fluid placed upon the surface evaporates rapidly, thus preventing 
growth of the corpuscles in the drop of liquid which otherwise would persist for 
a considerable time before evaporation. It is well to bear in mind the fact that 
a liberal amount of agar should Ije used; the layer in the plates should have a 
depth of at least 3 mm. If the agar is too thin the plaques will be too small, and 
will form poorly. The reason for this has been discussed* 
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0.05 cc. on another plate, inoculating the 0.5 cc. into a third suspension. 
This will give a 10~* dilution. If there is reason to believe that the race 
is very active continue in this same way up to the twelfth tube (dilu- 
tion 10““). If the race is of but moderate potency it is unnecessary to 
go beyond the tenth dilution. It is also unnecessary to prepare plates 
corresponding to the last two dilutions, 10““ and 10““, or, if the race 
is of less virulence, those corresponding to the 10“* and 10“‘® dilutions. 
In these extreme dilutions the number of corpuscles is too small for them 
to appear, except by accident, in the 0.05 cc. spread over the agar. 

I would recommend placing the suspension dilutions in the incubator 
at 32°C. To obtain plaques of the largest possible diameter, and for 
this reason more readily counted, even in the case of weakly active 
bacteriophage races* it is preferable to hold the plates at a temperature 
of 20° to 22°C., in an incubator such as is used for gelatin media. 

After incubation the series of dilutions w'ill permit an evaluation of 
the intensity of bacteriophagy in relation to the dilution of the active 
principle. But this is but a tentative measure, the less trustworthy 
in that in many cases “secondary cultures” associated with the phenom- 
enon of bacterial resistance, develop, rendering such a titration com- 
pletely false and obscuring the true result. The exact measure of 
virulence can be obtained only by counting the colonies of the bacterio- 
phage. In the series of plates there are always two, sometimes three, 
plates upon which the plaques are separated and easy to count. Since 
the quantity of suspension spread upon the surface and also the degree 
of dilution are known, it is easy to calculate the number of corpuscles 
contained in the original suspension. 

This method, so well suited to virulence determinations, is also the 
most practical procedure for studying the various phases of the phe- 
nomenon of bacteriophagy. If one wishes to follow, for example, the 
course of the phenomenon under definite determined conditions, it is 
only necessary to remove at suitable intervals 0.5 cc. of the medium 
in which bacteriophagy is taking place and to carry out the technic 
which has been outlined in order to know the number of corpuscles 
present at the moment when the specimen was removed. 

Can the method be used to measure the relative degrees of virulence 
of different bacteriophages, when by serial passages we know that the 
materials in question contain the active principle? Here is a tsrpieal 

* We have seen that the diameter of the plaque is proportionate to the viru- 
lence, at least when the bacteriophage is acting upon strains of the same bacterial 
species. 
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example, involving virulence determinations of three Shiga-bacterio- 
phages derived froirC different sources; the first isolated from the feces 
of a fowl, the second^'from the feces of a horse, both having undergone 
but a single culture passage (+ in potency), the third isolated in 1916 
from the stools of a convalescent from dysentery, and since that time 
subjected to about 2000 culture passages. 

Take 3 tubes, each containing 10 cc. of a suspension of Shiga bacilli 
with 250 million organisms per cubic- centimeter. Inoculate 0.01 cc. 
of the suspension of bacteriophage No. 1 into the first, 0.01 cc. of bac- 
teriophage No. 2 into the second, and the same quantity of bacterio- 
phage No. 3 into the third. After 24 hours at 32°C. examination shows 
that suspension No. 1 is cloudy, suspension No. 2 is slightly cloudy, 
and suspension No. 3 is clear. Filter the contents of the three tubes 
through Chamberland Ls candles, yielding thus 3 bacteriophage sus- 
pensions. Remove O.oo cc. of suspension No. 1 and make a series of 10 
dilutions, with 8 platings. This should be adequate to measure the 
activity for this race is of but low potency. For races Nos. 2 and 3, 
make the larger series of 12 dilutions and 10 spreadings. After incuba- 
tion the results are as follows; 

7. Dilutions. After incubation at 32°C. for 24 hours the tubes con- 
taining fluid media with successive dilutions of the filtrates show: 

Bacteriophage No. 1; the first 2 dilutions are cloudy, the others 
turbid. 

Bacteriophage No. 2; the firat 4 dilutions are clear, the others 
cloudy. 

Bacteriophage No. 3; the first 5 dilutions arc clear, the remainder 
cloudy. 

After incubation for 48 hours: 

Bacteriophage No. 1; all tulies are turbid. 

Bacteriophage No. 2; the first 5 are strongly clouded, the others 
turbid. 

Bacteriophage No. 3; the first 9 are clear, the last 3 turbid. 

It is obvious that these findings do not express the virulences of the 
3 races in a precise manner. 

II. Platings. These arc incubated for 3 days at 20”CJ., at the end 
of which time the readings can readily be made, and arc as follows: 

Bacteriophage No. 1. 

Plating of dilution 10~*; l)acterial layer abnormal, roughened. 

Plating of dilution 10 bacterial layer abnormal, roughened. 

Plating of dilution 10'®; bacterial layer abnormal, roughened. 
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Plating of dilution lO"^; bacterial layer smooth, with 141 small 
plaques. 

Plating of dilution 10“®; layer with 13 plaqiles (diameter about 
0.25 mm.). 

Plating of dilution 10"®; normal culture without plaques. 

Platings of dilutions 10”’ and 10"*; normal culture without plaques. 
Computation upon the basis of the above would indicate that the 
original suspension contained 26,000,000 corpuscles per cubic centi- 
meter.* 

Bacteriophage No. 2. 

Plating of dilution 10“^; isolated colonics. 

Plating of dilution 10~®; scattered traces of growth with isolated 
colonies in the open spaces. 

Plating of dilution 10“*; the same, except that the fragments of 
culture are somewhat more extensive. 

Plating of dilution 10“®; the same, still more culture evident. 
Plating of dilution 10"®; culture layer with numerous plaques. 
Plating of dilution 10“"; 27 plaiiues (diameter, 3 mm.). 

Plating of dilution 10“”; 3 plaques. 

Plating of dilution 10"*, 1 plaque. 

Plating of dilution 10"®; normal culture without plaques. 

Plating of dilution 10"^®; normal culture without plaques. 

The original suspension of bacteriophage No. 2 contained therefore, 

540.000. 000 corpuscles per cubic centimeter. 

Bacteriophage No. 3. 

Platings of dilutions 10 to 10"*; plates sterile. 

Platings of dilutions 10"* and 10"®; traces of culture. 

Plating of dilution 10"“; confluent plaques. 

Plating of dilution 10"''; 38 plaques (7 mm. in diameter). 

Plating of dilution 10“*; 5 plaques. 

Platings of dilutions 10"® and lO-i”; normal culture without plaques. 
The original suspension of this race contained, then, 7,600,000,000 
corpuscles per cubic centimeter. 

The number of corpuscles in the three suspensions being respectively 
26, 540, and 7600 million per cubic centimeter after bacteriophagy has 
continued in identical suspensions for the same length of time obviously 
means that these figures represent the power of multiplication of the 

* 0.05 cc. of dilution 10“® containing 13 corpuscles, 1 cc. would contain 20 times 
as many, or 260. The original suspension would then contain 260 X 10® = 

26.000. 000. 
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corpuscles of each of the three races. And since virulence, by common 
consent, is considered as an expression of the power of multiplication 
in a foreign host, the respective virulences of the three bacteriophage 
races above could be represented by the ratios: 

26 640 7600 • * i , 

_ . — . -s approximately 1 : 20 : 300 

26 26 26 

If the increase in the number of bacteriophage corpuscles taking place 
during bacteriophagy is determined for several bacteriophages of dif- 
ferent vinilences it becomes obvious that the numbers derived will be 
proportionate to the rate of bacteriophagy with each. Such a deduction 
is, of course, obligatory. The contrary could not be comprehended, 
since insofar as the study of bacteriophagy is concerned the single meth- 
od permitting the recognition of the behavior of the bacteriophage con- 
sists in determining the virulence by means of the increase in the number 
of corpuscles. From the practical point of view it is convenient to 
designate the intensity of the virulence of a bacteriopliage by the rate 
of the phenomenon which it causes. Such a procedure is, indeed, quite 
logical since there is always a parallelism between the rate at which 
the corpuscles increase and the rate of bacteriophagy. 

Different degrees of virulence may be designated by the following 
terms: the determinations being made always in bouillon having a pH 
of 7.6 to 8.0, and the temperature being between 30 and 32°C. 

Maximum virulence. Single corpuscles inoculated into 10 cc. of a 
normal suspension (each culac centimeter containing 250 million bac- 
teria derived from an 18 to 24 hour culture on agar) cause complete 
bacteriophagy. The suspension of the bacteriophage resulting remains 
clear indefinitely provided the suspension is held at a temperature lower 
than 32°C. This virulence corresponds to a multiplication of such 
an order that for each corpuscle inoculated the final number is greater 
than 10,000 million per cubic centimeter. It may be mentioned that 
this number is apparently fixed, that is to say, it does not apply to 
bacteriophagy of any particular bacterial species. Whatever the race 
of bacteriophage this titre of multiplication is that of a race of maximum 
virulence. 

Very high virulence. Here the phenomenon is the same as in the above 
case, except for the fact that the suspension of corpuscles resulting from 
bacteriophagy when a normal suspension is inoculated with a single 
corpuscle becomes clouded again through the development of a sec- 
ondaiy culture. On the other hand, secondary cultures do not usually 
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form in suspensions where bacteriophagy results from the dissolution of 
a normal suspension by a largo munber of corpuscles (a million or more) . 
Here the virulence corresponds to a multiplication such that for each 
corpuscle inoculated into the 10 cc. of normal suspension, there is an 
end result between 5000 and 10,000 million per cubic centimeter. 

High virulence. Here again the phenomenon is the same, with the 
exception that with races of this type secondary cultures are the rule, 
quite without regard to the number of corpuscles inoculated. The viru- 
lence corresponds to an increase whereby a single corpuscle in the course 
of the action becomes between 1000 and 5000 million per cubic 
centimeter. 

Moderate virulence. Bacteriophagy is never complete when a single 
cori)uscle is inoculated. When the inoculation involves a million or 
more corpuscles complete bacteriophagy of a normal suspension results. 
The development of secondary cultures is constant. The virulence 
here represents an increase in the number of corpuscles to such an extent 
that for each one originally present there are at the end of the process 
between 100 and 1000 million per cubic centimeter. 

irt'dA: virulence. Bacteriophagy is never complete whatever may be 
the number of corpuscles inoculated, even though the suspension con- 
tains very few bacteria. The opacity of the suspension may be reduced 
to a greater or less degree. If complete bacteriophagy by any chance 
takes place the number of corpuscles is always below 100 million per 
cubic centimeter. 

Very weak virulence. With such strains no clearing ot the medium can 
be observed. The presence of the bacteriophage can be disclosed only 
by the development of plaques on an agar medium. The rate of in- 
crease of corijuscles is very low; after 24 hours only a few hundred per 
cubic centimeter are to be found. 

3. PURE RACES OF THE BACTERIOPHAGE 

Different races of the bacteriophage may be isolated which possess 
virulences for bacteria belonging to different species. On the other hand, 
the degree of virulence for each of the bacteriophages possessing an 
activity foi a given bacterium is in its very nature variable. As a mat- 
ter of fact, among the hundreds of bacteriophage races which I have 
isolated I have yet to find two which are exactly alike.**® It is there- 
fore, evident that there are under natural conditions an infinite number 
of different races of bacteriophage corpuscles.* 

• This, of course, has no direct bearing upon the question of the unicity of the 

bacteriophage; a question which will be discussed in a later chapter. 
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When we filter a fecal suspension, a specimen of river water, or even 
tap-water, we obtain a filtrate which is a suspension of bacteriophage 
corpuscles, but there is no reason for affirming that all of the corpuscles 
present belong to the same race. Indeed, it is certain that quite the 
contrary is true. Therefore, it is essential, especially for a study of the 
processes of bacteriophagy, to isolate the corpuscles so that one may 
work with strictly pure races, the issue of a single corpuscle. 

In order to accomplish such an isolation we have only to imitate bac- 
teriological methods. For example, assume that we have a material 
containing, aside from a variety of banal bacteria, a very few oi^anisms 
pathogenic for a given animal, such as the guinea pig. How would we 
obtain a pure culture of this pathogen? We would inoculate a guinea 
pig with some of the material, the pathogenic bacterium would multiply 
within the body of the animal and at the death of the animal we would 
find a pure culture of the bacterium in the blood or in some lesion. But 
it is evident that if the initial material contained two bacteria pathogenic 
for the particular animal used the two organisms might be recovered 
in a mixed culture. If we wish to separate all of the bacteriophages 
which may be found in a stool filtrate virulent for a given bacterial 
species, B. lyphoaiui for example, eliminating all of the races which do 
not possess a virulence for this bacterium, we have only to adopt an 
analogous method. 

Inoculate 0.1 cc. of this filtrate into 10 cc. of a B. typhosus suspension. 
After 24 hours, l)acteriophagy having taken place and the Typho- 
bacteriophage corpuscles having develoucd, filter through a (iandle. 
Inoculate 0.01 cc. of this filtrate into a fresh susiiension of B. typhosus. 
Incubate, filter, and continue such pa.ssages. After a sufficient number 
of these have been carried out we may be sure that, because of the 
extreme dilution brought about through the passages, no trace of the 
original filtrate from the stool will remain. At this time all of the 
corpuscles present will obviously have reproduced at the expense of the 
typhoid bacillus; that is to say, there will be present only those resulting 
from the development of corpuscles present in the initial filtrate virulent 
for B. typhosus. None of the corpuscles of the original filtrate which 
were virulent for other bacterial species and non-virulent for B. typhosus 
will be recoverable after a certain number of transfers. At whose ex- 
pense could they have multiplied? And if they have not multiplied 
they have necessarily disappeared when the degree of dilution has 
reached a certain limit, readily calculable.* 

• Determination of the limiting dilution in which there no longer remains a 
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This method of purification by successive passages is the first one that 
I employed.®!® But this method permits, however, the reasonable 
objections that although it may be true that all of the bacteriophage 
corpuscles avirulent for the bacterium at the expense of which the pas- 
sages are made become eliminated it is none the less true that not all 
of those which are virulent and which have multiplied necessarily belong 
to the same race. As a matter of fact it is quite possible to assume that in 
a filtrate of feces or of water not all of the corpuscles virulent for a given 
bacterium are derived from a single corpuscle. According to this, 
then, in order to be sure of working with a pure race it is necessary, as 
is the case in bacteriology, to start with a single corpuscle. There are 
two methods which will permit this; the method of dilution in liquid 
media of Pasteur, and the method of colony isolation of Koch. 

We have seen that when we make serial dilutions, by tens, of a sus- 
pension of the bacteriophage and add susceptible bacteria to each of 
these dilutions bacteriophagy occurs up to a certain dilution. In the 
higher dilutions it does not take place. If we prepare a second series of 
comparable dilutions in sterile bouillon and distribute the 10 cubic centi- 
meters of the last active dilution among 10 suspensions of the susceptible 
bacterium, adding 1 cc. to each suspension, bacteriophagy will take 
place in some of these 10 suspensions, wherever a single bacteriophage 
corpuscle had been present. To be more certain of attaining the de- 
sired end we may filter one of these suspensions and repeat the same 
operation. This can be repeated even a third time. Such is the method 
of “successive dilutions” which I have most frequently employed. I 
prefer it to that of plaque isolation, for reasons which will be e.xplained 
later. Let us observe that with very virulent bacteriophages determina- 
tion of the presence or absence of bacteriophagy is simple, inasmuch as 
when it is present the suspension become-s completely cleared. With 
less virulent bacteriophage races the fonuation of “secondary cultures” 
frequently masks the clearing of the medium. Here, in order to as- 
certain whether bacteriophagy has occurred it is necessary to spread the 
suspected suspension on agar and the culture developing there will 
provide the answer.* 

finite amount of the original filtrate involves the calculation of that degree of 
dilution where the volume of the original material present is less than the volume 
of one electron. The electron being the smallest possible mass of matter, to say 
that as the result of the successive dilutions there remains in the liquid a quantity 
of material less than one electron, is to say that there remains a hypothetical 
but not an actual amount. 

* The characters of sccou'lary cultwrcs will be discussed in a following chapter. 


158 


THB BACTBRIOPECA.GE AND ITS BEHAVIOR 


The dilution method can be applied even in the case of races of low 
virulence, provided bacteriophagy in the limiting suspensions is con- 
trolled by spreading them on agar. However, with races of low viru- 
lence a purification by means of isolation through plaques is certainly 
less complicated. 

We have seen that it is only necessary to touch the centre of a plaque 
with a sterile platinum wire and then immerse this wire in a suspension 
of the susceptible bacterium to cause bacteriophagy of this suspension. 
Each plaque on the agar being a colony of bacteriophage corpuscles 
resulting from the multiplication of a single corpuscle, we have here a 
method of isolation absolutely analogous to that discovered by Koch 
for the isolation of bacteria. But we may mention the fact that as is 
often the case with bacteria, the colony developing at a given point 
on the agar may be derived, not from a single corpuscle, but from a group 
of two or more. This being the case, it is unwise to rely upon a single 
isolation. Certainty demands that the process of isolation be repeated 
two or three times. 

The method of isolation by plaques has been employed especiall}^ by 
Bail and hu! collaborators^® who were the first to call attention to the 
possibility that a filtrate possessing activity for a single bacterial species 
could contain a mixture of bacteriophage races. Wolff and Janzen®*® 
have likewise made this observation in studying different races of 
Typho-bacteriophage. 

It may be well to emphasize the fact that if we would effect isolation 
by the plaque method it is necessaiy to pioceed in the following manner. 
Inoculate a heavy suspension, 250,000,000 bacteria per cubic centimeter, 
with a very small quantity of the raw suspension of bacteriophage. 
When this mixture is spread immediately upon agar the surface should 
show, after incubation, but very few plaques. If too many corpuscles 
are inoculated into the bacterial suspension it is possible that several 
will become attached to a single bacterium and the plaque will be formed 
of elements not the issue of a single corpuscle. Furthermore, for this 
purpose Petri dishes should not be used. Agar slants are much better, 
since they may be placed in a vertical position immediately after plant- 
ing in such a way that it will insure that none of the liquid remains on 
the surface. The presence of fluid facilitates the development of the 
corpuscles, as in a liquid medium, and if this occurs the isolation will 
be fictitious. 
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4. VARIABILITY IN THE VIRULENCE OF THE BACTERIOPHAGE 

From the time of Pasteur we have known that in a single bacterial 
culture each of the bacteria possesses certain characters which are pe- 
culiar to itself and differentiate it from the associated organisms, even 
though all of the organisms present the general characters belonging to 
the species. Such qualities as vitality, resistance to heat and to anti- 
septics differ for every organism within a culture. This fact is partic- 
ularly striking as regards virulence. For example, let us take a culture 
of B, peatia and implant it on an agar slant in such a way as to secure 
isolated colonics. By the inoculation of susceptible animals we can 
show that cultures of some of these colonies kill the animal in an in- 
finitely small amount while others are inoffensive in very large 
quantities. 

The bacteriophage, just like the bacterium, is of corpuscular nature 
and different races of the bacteriophage, just like different strains of 
bacteria, possess different virulences. One might, indeed, ask if the 
analogy does not go still further and if in a given suspension of bacterio- 
phage each corpuscle does not possess a particular virulence. It is 
very easy to determine that this is indeed the case. 

Isolate, by means of dilutions, an extremely active Staphylo-bacterio- 
phage, such a race as I have described in the preceding section. Dis- 
tribute 10 cc. of the limiting dilution among 10 suspensions of the 
staphylococcus, 1 cc. to each. The results of such an experiment will 
be as follows: 

After 36 hours: 1 suspension will be clear 

1 suspension will be clouded 

8 suspensions will be turbid 

After 48 hours: 2 suspensions will be clf^ar 

2 suspensions will bo clouded 

6 suspensions will be turbid 

After 72 hours: 5 suspensions will be clear 

1 suspension will be cloudy 

1 suspension will be very cloudy 

3 suspensions will be turbid 

After 7 days: 5 suspensions will be clear 

2 suspensions will be very cloudy 

3 suspensions will be turbid 

Spreadings made upon agar, and repeated passages will show that the 
3 turbid suspensions are free of bacteriophage; that is, bacteriophage 
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corpuscles were not present in the I cc. quantities which each received. 
As for the 2 cloudy suspensions, they contain a bacteriophage whose 
virulence is much less than that of the suspensions which had undergone 
complete bacteriophagy.* 

It is unnecessary to state that the race of Staphylo-bacteriophage 
utilized was derived from a single corpuscle; as a matter of fact it had 
passed through multiple isolations carried out at different times either 
by the dilution method or by the plaque method. 

This experiment shows that, considering the end result as well as the 
rate of the reaction, among 7 corpuscles each possessed a different degree 
of virulence. We must, therefore, conclude that in a suspension of a 
race of the bacteriophage every corpuscle possesses a special degree of 
virulence. The same experiment carried out with Coli-, Typho-, and 
Shiga-bacteriophages has given in every case comparable results. This 
finding indicates the reason for the differences in virulence of different 
races of the bacteriophage as they arc found under natural conditions. 

5. INCREASES IN VIRULENCE 

We have seen that a l)acteriophage suspension, originating from a 
single very virulent corpuscle, contains corpuscles possessing a virulence 
equal to that of the original coipuscle which served as the source of the 
race, together with others wliose vinilence is mmih lower. This simply 
means that virulence may bo attenuated, as is the case with bacteria. 
Rut Pasteur showed that the virulence, of a bacterium is capable of being 
increased by successive jiassages within the body of a susceptible animal. 
Is this likewise true for the bacteriophage? 

Again the analogy is complete. The virulence of a bacteriophage 
may lie exalted by successive passages in suspensions of a susceptible 
bacterium (d'Hcrelle''^'” There are several methods by means of 
which a bacteriophage but slightly active at the time of its isolation 
may be increased in virulence.*-' h’or example, the following procedure 
will result in such a change in vimleuce. 

When an agar inoculation has shown that a bouillon suspension con- 
tains an active bacteriophage this suspension is filtered through infuso- 
rial earth and then through a bougie. A slightly turbid suspension is 
prepared, using the bacterial strain against which the bacteriophage has 
shown some activity, and into this suspension are introduced some four 
or five drops of the filtrate. After incubation, if dissolution has not 
been produced, this second bacterial suspension is filtered as before and 

* They contain secondary cultures also. 
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a third suspension is inoculated with four or five drops of the filtrate. 
Such transfers are continued until evident dissolution occurs. During 
the process it is easy to verify the presence of the bacteriophage in each 
passage, and to detect any increase in virulence, simply by spreading 
the successive cultures on agar slants. Comparison of the cultures 
secured with each passage reflects the degree of virulence. For ex- 
ample, the agar growth obtained from the first passage shows a culture 
growth with ten plaques, the second passage shows 100, with the third 
the layer of bacillary growth is broken up with an abundance of the areas, 
while with the fourth passage only a few isolated colonies of bacteria 
are seen. It can be readily seen that the virulence of the bacteriophage, 
that is, its ability to develop at the expense of the bacteria, increases 
with each transfer until a point is reached where complete dissolution 
of the suspension is obtained.* 

Usually it is relatively easy to increase the virulence of a weak race 
of the bacteriophage, but at times it may become veiy difficult, partic- 
ularly when working with races active against the Gram-positive cocci. 
In such cases it is necessary to effect a great number of passages, and 
there is considerable risk of losing the bacteriophage altogether, partic- 
ularly (luring the first few passages. I might cite as an example an 
anti-staphylococci(j race with which ICliava was forced to make passages 
during four months in order to obtain sufficient virulence to induce 
complete dissolution of a suspension containing 500 million staphylo- 
cocci per cubic centimeter. 

It may be well to emphasize here a point of some 'inportance. We 
will see that the virulence of the bacteriophagci becomes considerably 
weakened when it is held in contact with bacteria which resist its action. 
For this reason it is wise to avoid, in each passage, contact with those 
organisms which have had time to acquire a resistance. To accomplish 
this it is best at first to conduct the passages at a relatively low tem- 
perature; 30°C. is adequate to permit the active development of the 
corpuscles and it retards somewhat the acciuisition of a resistance to the 
process of bactcriophagy by the bacterium. Bacterial resistance de- 

♦ The bacteriophage is not destroyed until a temperature of about 7G°C. is 
reached. Pordet and Ciuca*« have proposed to utilize this fact to avoid filtration. 
They hold the bacteriophage suspension at 58^0. for an hour during which time 
the bacteria arc killed while the bacteriophage resists. This method of isolating 
a virulent bacteriophage should never be employed during the course of a scries 
of passages designed to increase virulence. For although heating may not kill, 
it attenuates the virulence of the bacteriophage with the result that the advantage 
gained by each passage is lost through the heating. 
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velops somewhat more rapidly at a temperature of 37°C., but even at 
the lower temperature of 30°C. the bacteriiun reacts vigorously. For 
this reason it is essential to restrict the period of contact to that just 
sufficient to afford the corpuscles opportunity to multiply. And at the 
same time a limited period of contact will prevent the bacteria from 
acquiring a resistance through processes of adaptation. As a matter 
of fact practical experience shows that this end is obtained by effecting 
two passages every day; one in the morning upon arrival at the labora- 
tory, the other in the afternoon just before leaving. 

An excellent procedure which i)rovides through serial passages for the 
increase in the virulence of the bacteriophage by adaptation and at the 
same time for the selection of those corpuscles most apt at acquiring 
such a virulence consists in carrying out a series of isolations by the 
dilution method. The following scheme indicates how this can be 
effected. 

Among 10 suspensions, each inoculated with 1 cc. of the last active 
dilution of a bacteriophage, a certain number undergo bacteriophagy. 
Select the tube in w'hich the phenomenon has been the most marked.* 
This suspension is filtered through a candle and the isolation procedure 
is begun again. Once more that suspension in which bacteriophagy 
is the most intense is filtered. This procedure is repeated up to the 
point where the maximum virulence has been obtained. 

The only difficulty with this resides in the determination of the limit- 
ing dilution, especially with very weak races of the bacteriophage, or 
where bacteriophagy can only be disclosed by agar cultures. More- 
over, in cariying out the passages one can not take time to make the 
preliminary studies necessary to ascertaining the limiting dilution. In 
order to obviate this difficulty the increase in vinilence may be started 
by a few simple passages and later, when a degree of virulence has been 
obtained sufficient to cause bacteriophagy such as can be detected by 
microscopic examination, the limiting dilution may be determined. 

When this is once determined the filtrate is utilized and an isolation 
by dilution is made. The choice from among the bacteriophage sus- 
pensions falls on the one where the phenomenon occurred most intensely. 
This one is filtered, and the filtrate serves for a new isolation, arbitrarily 
choosing as the limiting dilution the same as that disclosed by the pre- 

* Needless to say, if for any reason it is desired to make a selection from among 
a very great many corpuscles, in the place of utilizing 10 cc. of the limiting dilu- 
tion in 10 suspensions, one might use 20 cc. of the limiting dilution, or even more, 
distributing it among 20 or more suspensions. 
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ceding titration. If this time it is found that the 10 suspensions inocu- 
lated are bacteriophaged, that one where the process occurred most 
vigorously is selected and is filtered. F or the next pas.sage, as is obvious, 
the next higher dilution is selected. Simple observation of the 10 sus- 
pensions here will show the dilution to be used for the following passage. 
If there are only one, two, or three of the 10 suspensions bacteriophaged, 
it may be well to use the same limiting dilution as that previously 
used. If there are 3, 9, or 10 suspensions bacteriophaged it is desirable 
to take the next higher dilution for the next passage. 

At first sight this method appears rather complicated but it gives 
excellent results. In this way I have been able to obtain bacteriophage 
races causing regularly a complete and invariably pennanent dissolution 
of normal bacterial suspensions. Those who have worked wdth the 
bacteriophage realize how difficult it is to attain a virulence sufficiently 
high to preclude the development of secondary cultures. 

A number of authors, among whom may be mentioned Izar,®*^ and 
Janzen and Wolff’” have observed that all races of the bacteriophage 
do not acquire virulence with equal facility. This is quite true. And 
in this same connection I have found®’^ that certain races of very low 
virulence may lose their activity with the first passage, and for this we 
will see the reason later. But it is likewise true that the mode of pro- 
cedure has a very great influence upon the result. Just to indicate the 
importance of the matter of the bacterial stiain selected I may state 
that upon several occasions, when working with a single race of bacterio- 
phage, I have made two parallel series of passages for the purpose of 
increasing the virulence. One series was made at the expense of one 
strain of the bacterium, the second at the expense of another strain of 
the same species. It was found frequently that virulence increased 
rapidly with one strain and but very slowly with the other. Further 
study showed that this difference in result was due to the fact that one 
of the two bacterial strains developed a resistance far more readily than 
the other. 

With certain strains which possess the faculty of developing resist- 
ance in a high degree, the result of serial passages is not an increase in 
virulence but the bacteriophage is overcome and sometimes it disappears 
even in the first passage. We will study the phenomenon of bacterial 
resistance in the next chapter so that we will not enter into further detail 
here, resting content with the statement that the choice of the bacterial 
strain at the expense of which the passages are to be made is of extreme 
importance. It might be well to add, however, that once the increase in 
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virulence for one strain is obtained (when working with organisms be- 
longing to homogeneous races — will see later the significance of 
this) virulence is likewise enhanced for strains which were unsuited to 
the development of this virulence. The reason for this fact is that when 
the virulence is once increased, the resistance of the bacterium, which 
previously would have been able to withstand a low virulence, is over- 
come by a higher virulence. Upon this point again the story of patho- 
genic bacteria provides us with ample examples of facts of the same 
nature. 

Before ending this section I would like to call attention to an error 
of fact which has been made by Soiffert.^^® This author has assumed 
that the increase in the virulence of the bacteriophage effected by suc- 
cessive passages at the expense of bacteria is due to an “adaptation^’ 
on the part of the bacteria and not to an adaptation of the bacterio- 
phage. With regard to “theories” of this type Pasteur stated, “they 
are under no particular obligations as regards the facts.” 

Just how valid such a theory is may be shown })y the following, which 
indicates exactly the seciuence of events leading to the adaptation. In- 
oculate a drop of filtrate containing bacteriophage corpuscles of low 
virulence into a suspension of bacteria. After an appropriate time 
filter through a candle. This effectively discards all of the bacteria 
which have been subjected to contact with the bacteriophage cor- 
puscles, Introduce this filtrate, contaming no bacteria whatever, into 
a second suspension of young bacteria l-bacteria which have never yet 
been in contact with the bacteriophage. When bacteriophagy has 
occurred filter again and discard once more all of the bacteria which 
have been in contact with the bacteriophage corpuscles. Carry out 
in this manner a series of passages, introducing a filtration to eliminate 
the bacteria between each passage. None of the bacteria of the sus- 
pension in which one passage is made can be carried over into the 
suspension of the following i)as.sage. Under such conditions, since the 
bacteria are not involved in the passages, how can they undergo adapta- 
tion? Such an adaptation as a being may acquire can be transmitted 
only when there are descendents. 

It is easy to understand that the fact that the virulence of the bacterio- 
phage is subject to increase is disturbing to the partisans of certain 
theories which we must discuss later. Nevertheless, if objections are 
raised to the concept which I have evolved, the opposing arguments 
should, at least, take the facts into consideration. 
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6. ATTENUATION OP VIRULENCE 

Just as it is possible to produce experimentally an increase in the 
virulence of the bacteriophage, so also is it possible to cause an attenua- 
tion of virulence. 

Exposure to high temperatures is one of the methods of causing such 
an attenuation (d’Herelle and Pozerski®*®). The effect of heat is clearly 
indicated by the data which follow. 

In the following experiments the suspension of bacteriophage under 
test, previously filtered through a bougie, is taken up in capillary 
pipettes, sealed at both ends, and completely submerged in a water- 
bath maintained at the temperatures indicated in each experiment. 
In each series of experiments 8 tubes with the suspension are maintained 
for thirty minutes at temperatures of 60, 62, 64, 6'6, 68, 70, 72, and 75®C. 

Anti-Shiga bacteriophage 

Two drops of the suspension from tubes maintained at 60, 62, 64, 
and 66°C., when introduced into suspensions of Shiga bacilli, cause 
complete dissolution in less than fourteen hours. The tests repeated 
with a second strain of Shiga bacilli give identical results. The bacterio- 
phage heated to 68 and 70°C. causes dissolution with one strain of Shiga 
bacilli but not with the other. When heated to 72 and 75“C. the bac- 
teriophage fails to dis.solve the organisms. 

One drop of each of these suspensions, which had received the bac- 
teriophage previously maintained at 68, 70, 72 and 75''C., and which 
had not been submitted to bacteriophagy is planted on slant agar. After 
incubation, all of the cultures, except the last, which is normal, show 
plaques characteristic of the presence of the bacteriophage. 

Serial passages may be effected, thus permitting the enhancement in 
virulence of the bacteriophage attenuated by the action of temperature. 
After two such i)assagcs, with the corpuscles heated to 68 and 70'’C., 
and after three passages with those heated to 72°C., dissolution in 
liquid media is olitained. 

(Comparable experiments have demonstrated that the bactcriophagous 
corpuscles active for B. dysenteriae Flexner, B. dysenteriae Hiss, B. coli, 
ami B. paratyphosus B, act in a quite similar manner. With the bac- 
teriophage active for B. paratyphosus A attenuation begins at about 
64°C. (at least with the strain tested). With that virulent for B. 
typhosus attenuation is already apparent at about 62°C. In all cases, 
when heated to 75‘’C. the bacteriophage is completely inactive, either 
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actually destroyed or attenuated to such an extent that its presence 
can no longer be detected. In all these instances the bacteriophage 
shows a recuperative power, the virulence being restored when the tem- 
perature to which the corpuscles have been subjected is not higher than 
72“C. 


Anti-staphylococcus bacteriophage 

Attenuation of this bacteriophage is already manifest after heating 
to 60“C. Subcultures of suspensions which have not been dissolved 
show that it is a simple attenuation, for, even with suspensions inocu- 
lated with a bacteriophage previously held at 72°C. for thirty minutes, 
plaques are obtained characteristic of the presence of an active bac- 
teriophage. Moreover, two passages suffice to restore the original viru- 
lence to corpuscles heated to (52, 04, 66, and 68°C. After heating at 70 
and 72°C. the attenuation of virulence docs not disappear until after 
sLx passages. When heated to 75“C. the bacteriophage is deprived of 
all activity. 

It may be concluded from these experiments that all races of the 
bacteriophage react to temperature in the same manner. When heated 
above 60®C. they are attenuated more or less rapidly, the speetl de- 
pending to some extent upon the bacterial species for which thiiy arc 
active. But all are completely killed, or at least paralyzed, at a tem- 
perature of about 75°C. 

The re.sults observ’^ed in these experiments can not l)e ascrii>ed to a 
reduction in the number of corpuscles, for the Shiga-bacteriophage used, 
like the Staphylo-bacteriophage, had caused complete bactcriophagy 
in a unit volume before exposure to the high temperature, and it will 
do the same after the vimlence is again increased. 

My experiments have also shown that bacteriophage races of low 
virulence are attenuated at lower temperatures than are races posse.ssing 
a more outspoken virulence for the same bacterial strain. 

Time also exerts an effect upon virulence, but here there is a very great 
difference in the effects, depending upon the race of bacteriophage, and 
especially upon its virulence. Bacteriophage races possessing a high 
virulence are in general but slightly modified while those of low virulence 
are much more sensitive. 

Asheshov** was the first to observe that certain races of the bacterio- 
phage may lose their virulence very rapidly. A Flexner-bacteriophage 
which I isolated, and which had a relatively high virulence, manifested 
a veiy considerable attenuation even within a period of two months. 
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in spite of the fact that it was preserved in sealed ampoules. Various 
observations made in the course of my studies contribute additional data 
upon this question of spontaneous attenuation. 

One race of the Shiga-Wteriophage, originally very virulent, has been 
held for a period of 9 years in a sealed tube, and throughout this period 
it has remained almost as active as it was at the begin nin g. The sole 
change consisted in the number of corpuscles, which diminished from 
2400 million to 110 million, but despite tliis reduction in numbers those 
which survived retained their virulence without change and this viru- 
lence was equal to that of corpuscles having the same origin but which 
had undergone, throughout this time, between 1500 and 2000 passages. 
Other races of Shiga-bactcriophage from various sources, but all very 
viiTilcnt, likewise maintained their activity unchanged during periods of 
.3 to 5 years. A very active Staphylo-bacteriophage, held in a sealed 
amjioulc, retained its potency completely for a period of 3 years. A 
second race, somewhat less virulent, was attenuated after 4 years to 
such an extent that it was lost in the second passage when an attempt 
was made to restore its virulence. T^vo very active races of Coli- 
bacteriophage maintained their virulence for 6 years. Three races 
which originally showed a strong virulence, although somewhat less 
than that of the tw’o races just mentioned, were dead or totally avirulcnt 
after the same interval of time.* 

A Barbone-bacteriophage of high virulence when sealed up in an 
ampoule had lost a large part of its virulence after 11 months, but with 
3 passages the virulence was restored. After 26 mor.Uis this particular 
race was dead or completely avirulcnt in some of the ampoules whereas 
in others it was still present, although attenuated to such a degree that 
it was lost during the first passage. 

A Cholera-bacterioplmge tested after it had been preserved for 8 
months was completely avirulcnt. During the attempt at rejuvenation 
a few minute plaques could be seen in the first passage, but with the 
second pa.ssagc it disappeared. 

A Plague-bacteriophage (of rodent origin) retained almost all of 
its activity throughout a period of 26 months. Another race (of human 
origin), somewhat less virulent at the beginning, was very markedly 
attenuated in the same length of time. After 40 months the first race 
was still very virulent; the second was dead or avirulcnt. 

* The bacteriophage can be recognized only through its virulence fur a given 
bacterium. Consequently it is not possible to tell whether the bacteriophage as 
such has disappeared or whether it has become avirulent, for in cither case it 
would not be possible to disclose its presence. 
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It is obvious that it is impossible to state any specific rule as applying 
to the phenomenon in all cases. Each bacteriophage behaves in a par- 
ticular manner. The most that can be said is that in general races with 
a high virulence retain virulence for a long time, while a low virulence 
disappears relatively quickly. 

Antiseptics likewise exert an effect upon virulence, but we will reserve 
a study of this subject until we consider the properties of the bacterio- 
phage corpuscle. 

Virulence is weakened through contact with resistant bacteria. This 
aspect of the subject will be considered in detail in the next chapter. 

7. HOMOGENEOUS AND HETEROGENEOUS BACTERIAL SPECIES 

Different bacterial species behave in a different manner as regards 
susceptibility to bactcriof)hagy. With certain species it is found that 
when one strain is susceptible to a given race of the bacteriophage all 
other strains are also susceptible.* 

The Shiga dysentery bacillus is typical of those species which I 
have termed homogeneous insofar as the bacteriophage is concerned. 
During the past 10 years I have isolated several hundred races of bac- 
teriophage active for this bacterium and I have never yet found a strain 
of the Shiga bacnllus which was not attacked by any of these races. The 
degree of virulence is the only variable. A given bacteriophage of max- 
imum actmty for a single strain may possess only a moderate virulence 
for others, but a few passages are always sufficient to intensify the 
virulence for those strains which were at first but \veakly attacked. 

B. pestia is another bacterial species which I have found to be homo- 
geneous as regards bacteriophagy. 

I have shown^^'^ tliat certain races of Typhoid-bacteriophage have 
an extremely specific action, attacking but a single strain of B, typhems 
to the exclusion of all other strains. Bordet and Ciuca**® have confirmed 
this finding, and thc^y have shown that with B. coU a comparable speci- 
ficity may be demonstrated with some races of bacteriophage. 

My experiments have disclosed the fact that this non-susceptibility 
of certain strains of a bacterium when others are attacked, is limited 
to certain bacterial species, and these I have termed heterogeneous, 

* Naturally, this is true only insofar as it deals with typical strains, that is to 
say, with those presenting all of the characters of the species. In general, atypi- 

cal strains (those which are arbitrarily classiiied in a species to which they do not 
conform in all characters) are found to be resistant to the action of the bacterio- 
phage. We will return to this subject later. 
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The strains which are not attacked possess a true natural immunity, 
but this immunity is limited, not absolute. As a matter of fact, Janzcn 
and Wolff,®” working with B. typhosus, have shown that those strains 
of this bacterium not attacked by a certain bacteriophage are attacked 
by others. 

It is, however, quite essential that we do not confuse this natural 
immunity, possessed by certain bacterial strains toward some races of 
the bacteriophage, with the immunity acquired by a susceptible bac- 
terium in reacting to the action of a bacteriophage. 

Each race of the bacteriophage which has a virulence for a single bac- 
terial strain belonging to a heterogeneous species possesses an individual 
range of virulences. This range varies from one race to another. Cer- 
tain bacteriophage races will attack only a few strains of the heterogene- 
ous bacterium; other races will attack a large number, and there are 
some which will attack all. With respect to the last, the bacterial 
species will be homogeneous. 

Furthermore, each susceptible strain will be attacked with greater 
or less intensity, that is to say, the violence of the reaction will vary. 
Nevertheless, in these cases it is always possible to increase the virulence 
by means of passages with the strain that was at first but slightly 
attacked. 

Since all conibin.ations of these variables are encountered and since 
there are all degrees of vinilence for diverse strains, and since also there 
are differences in tin; intensity with which each strain i? attacked it is 
obviously practically impossible to isolate two racco of the bacteriophage 
possessing identical characters (d’Herelle®*®). 

A very typical case is that of the Staphylo-bacteriophage, where 
races may be isolated which are virulent for but a single strain of the 
staphylococcus. It is of some significan'*c that the races of Staphylo- 
bacteriophage isolated from vaccinal lymph* are of this type. On the 
other hand I have isolatcil races of Staphylo-bacteriophage from the 
pus of abscesses, undergoing resolution, which w'ere virulent for a number 
of staphylococcus strains. Oratia®®^ has isolated a race (race H) which 
is virulent for all strains of the stapbjdococcus, including strains of the 

* As wo will see, in some specimens of vaccinal lymph a bacteriophage-bac- 
terium symbiosis between a staphylococcus and a bacteriophage may be found. 
The symbiotic organisms are continuously rcinoculated at the same time as the 
ultravirus of vaccinia from calf to calf. This represents a true final adaptation 
of the bacteriophage to parasitism of the staphylococcus with which it has been 
associated in a parasitic relationship for a great many generations. 
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several species, albus, aureus, and citreus. As a matter of fact, with 
this particular race I have not yet found a tjrpical staphylococcus which 
is not attacked, even Micrococcus ietragenus is dissolved. 

We will return to this question of homogeneous and heterogeneous 
bacterial species when we study the peculiarities of the phenomenon of 
bacteriophagy with the different bacterial species. We will then review 
the studies of Janzen and Wolff, particularly those dealing with the bac- 
teriophagy of the heterogenous B. typhosus. 

8. MULTIPLE VIRULENCES OF THE BACTERIOPHAGE 

We have seen that certain races of the bacteriophage are virulent 
for only a single bacterial strain, while others are virulent for all strains 
of a given species. Furthermore, we have stated that still other races 
are virulent not only for all strains of a single species but also for strains 
of bacteria belonging to different species, sometimes to species rather 
remotely related (d’Herelle®“). As a matter of common observation it 
has been found that a given race of the bacteriophage, when derived 
from the organism, is rarely active for but a single bacterial species. 
Usually at this time it attacks a number of species and jiossesses for 
each of them a varying degree of virulence (d’Herelle®*®). 

Such a race of the bacteriophage might have, for example, a very 
high vhulence for the Hiss strain of B. dysentci'iae. a moderate vinilencc 
for some strains of B. coK, and a low virulence for other strains of B. 
coli as well as for the Shiga bacillus. Foi' B. paraiypJiosus B the action 
may be very weak, and for other species no virulence whatever can be 
demonstrated. Another race may be very active for certain strains of 
B. coli and of B. typhosus, leas virulent for other strains of these or- 
ganisms, and at the same time it may show but little activity fo'' B. 
dysenteriae Flexner with no virulence for all other bacterial species. 
But provided an activity, even though weak, is manifested by such a 
race it is always easy, by passages, to enhance the virulence for one of 
these organisms. 

We have seen further that because of variations in virulence a given 
race of the bacteriophage may vary materially at different times. All 
of the combinations of virulence, in quality as well as in quantity, being 
possible, that is to say, in the range of the action against various bacterial 
species and in the intensity of the action for each of the strains of these 
different species, one can readily understand, in view of the infinite 
number of possible combinations, that there can be no two races of the 
bacteriophage which can be absolutely identical (d’Herelle®“). 
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All of those investigators who have studied the bacteriophage, with 
the exception of Bail and of Wagemans,®“ have confirmed the fact that a 
given race of the bacteriophage may show multiple virulences, and this 
conclusion is reached whatever may be the individual opinion as regards 
the nature of the bacteriophage itself. The two authors mentioned 
above as exceptions have advanced the suggestion that when a bacterio- 
phage filtrate causes bacteriophagy with different bacterial species the 
phenomenon is due to the fact that the material contains a mixture of 
several races of the bacteriophage. The experiments which will be 
detailed in the following paragraphs show that such a conclusion is in- 
admissible, simply because it is contrary to demonstrated experimental 
facts. Foreseeing this objection I had refuted it before it was ad- 
vanced®®‘ but the authors named above have hot even mentioned the 
experiments which I had reported as bearing upon this point. 

9. PERSISTENCE OP VIRULENCE 

A race of the bacteriopliage possesses the faculty of regaining its 
virulence for a given bacterium, and this capacity persists throughout 
a great many passages effected in vitro with a bacterium belonging to 
another species. In 1916 I isolated a bacteriophage extremely active 
for B. dymiteriae Shiga. At that time, as it was derived from the 
body it also showed a moderate virulence for one strain of B. coli and 
a low virulence for different strains of B. typhosus and the paratyphoids 
A and B. This bacteriophage was used in many experiments through- 
out the years 1910, 1917, 1918, and 1919, and during this time was sul)- 
jected to a very great many passages, always at the expense of B. dysen- 
teriae Shiga. As a matter of fact the number of passages somewhat 
exceeded 1200. Early in 1920 I showed that, without a preliminary 
adaptation, it still possessed a moderate virulence for the strain of B. 
coli and a slight virulence for the strain of B. typhosus toward which it 
was active 4 years earlier. By means of passages with these bacteria 
the virulence was increased, up to the point where it caused complete 
dissolution.*'® 

Having preserved this race of Shiga-bacteriophage I carried out, in 
1923, three successive purifications by the method of selection described 
above, without causing a loss in the virulences for B. coli and B. typhosus. 
This experiment has been repeated at different times with several races 
of the bacteriophage, the result being that the multiple virulences per- 
sisted after three successive isolations. Inasmuch as the suspension 
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of the bacteriophage which manifests these multiple virulences is most 
certainly derived from a single corpuscle, the effects can hardly be said 
to be due to a mixture of races. 

The fact that multiple virulences persist despite a great many pas- 
sages made at the expense of a .single bacterial strain, is, however, the 
most valid evidence that these multiple virulences are attributes of a 
single bacteriophage corpusiJe. Let us assume that a stool filtrate 
causing bacteriophagy of several bacteria of different species contains 
several races of the bacteriophage. If, with this filtrate, we carry out 
passages at the e.xpense of a single bacterium we must admit that only 
those corpuscles should multiply which possess a virulence for this bac- 
terium. We must likewise admit that all corpuscles avirulent for this 
bacterium should disappear gradually in the course of the passages. 
And the number of passages necessary to eliminate all of the avirulent 
corpuscles within the initial filtrate is readily calculable. Physicists 
have determined that the smallest possible (juantity of matter is the 
electron, whose mass is 1-10~-’ grams. Wlien, as the result of succes- 
sive dilutions such as take place from passage to passage, we introduce 
into a suspension a quantity of the initial filtrate less than I • 10“*^ grams 
we may be very sure that there no longer remains any of the original 
filtrate, and, a fortiori, none of the bacteriophage corpuscles which were 
in this filtrate. All of these coriiuscles present at this time result from a 
multiplication of vinilcnt corpuscles. In ca trying out the aeries of 
passages by introducing into the first suspension 0.001 cc. of filtrate, 
into the second 0.001 cc, of the first suspension after it has undergone 
bacteriophagy, and continuing thus, introducing each time O.OOl cc. 
of the last suspension dissolved into 10 cc. of fresh bacterial suspension, 
it can be readily calculated that in the seventh pjissage there can be but 
1.10-2* grams of the original filtrate, that is to say, a virtually non- 
existent quantity, since it is smaller than an electron. This seventh 
suspension can not contain any of the bacteriophage corpuscles aviru- 
lent for the bacterium at the expense of w'hich the passages were made, 
even though such coipusclcs w'cre found in the original filtrate. If 
the corpuscles found in the last filtrate manifest a virulence for a bac- 
terium of a species other than that with which the passages were made the 
only inference is that these coriniscles possess the property of causing 
a bacteriophagy of different bacterial sjjecics at one and the same time. 

But experiment shows that, not only after the seventh, but after more 
than 1000 passages, a race of the bacteriophage still possesses the prop- 
erty of causing bacterioidiagy with bacteria belonging to different 
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species. This affords, then, mathematical proof that multiple viru- 
lences are really attributes of bacteriophage corpuscles.* 

10. THE MECHANISM OP THE PERSISTENCE OP VIRULENCE 

A bacteriophage which has received more than a thousand passages 
with B. dyseiiteriae has a relatively weak action upon the typhoid bacil- 
lus. This can be demonstrated by spreadings made on agar, with sul> 
sequent observation of the formation of charaeteristic plaques. If we 
introduce into a tube of bouillon about 10 drops of an anti-dysentery 
bacteriophage and then a small amount of typhoid culture we secure, 
after incubation for 18 to 24 hours, an apparently normal culture of B, 
typhosus, but if it is spread upon agar a few plaques are obtained. 

This finding provides us with additional information as to the 
mechanism of the virulence of the bacteriophage. For here we have 
introduced into the suspension of B. typhosus several thousand million 
bacteriophage corpuscles, all virulent for B. dysenteriae. Each plaque 
to develop on the agar, upon which the suspension of B. typhosus in- 
oculated with the Shiga-bacteriophage is spread, represents a colony 
derived from a corpuscle virulent for B. typhosus. And this sho\vs that 
among several billions of corpuscles virulent for B. dysenteriae there are 
only a few which are also virulent for B. typhosus. 

Furthermore, by such a procedure it can be shown that the number of 
corpuscles having a virulence for B. typhosus hardly varies throughout 
the series of passages with B. dysenteriae, for the nuriil)er of plaques ol)- 
tained by spreading a suspension of typhoid bacilli inoculated with the 
suspension of bacteriophaged dysentery bacilli is approximately the 
same, whether the bacteriophage has undergone 50, 100, 500, or 1000 
passages, always with B. dysenteriae. Nevertheless, the number of 
corpuscles active for B. typhosus diminishes, although the aptitude 
for the bacteriophagy of B. typhosus is lost but very slowly. After 
1500 passages the virulence was so weak that spreadings upon agar no 
longer showed plaques, yet pUniues appeared after only two passages. 
After 17 passages with B. typhosus the dissolution of a normal suspension 
of typhoid bacilli wixs complete. 

* At least, if it is understood that the bacteriophage is not derived from the 
bacterium itself. This is a point which we will examine in another chapter, but 
I believe it wise to state here that there is very conclusive evidence which has 
not been discussed or contradicted by anyone, which demonstrates that the 
bacteriophage corpuscle is autonomous, independent of the bacterium wlkich is 
subject to its action. The evidence supporting this will be presented when we 
discuss the Question of the nature of the bacteriophage. 
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It is probable that by continuing the passages the aptitude for reacting 
with B. typhosus would have gradually diminished and finally would 
have been completely lost. This would have represented, then, a strict 
adaptation to the bacteriophagy of B. dysenteriae. 

As I have said above, I have repeated at different times, with diverse 
races of the bacteriophage, experiments which show that after a series 
of passages followed by three successive isolations the virulence of a 
bacteriophage for several bacterial species persists. Here is such an 
experiment. 

A race of Typhoid-bacteriophage, isolated in 1918 from the stools of a 
convalescent from typhoid fever, manifested at its origin a strong viru- 
lence (complete bacteriophagy of a nonnal suspension but with almost 
always the development of secondary cultures) for many strains of B. 
typhosus and B. coli, for the paratyphoids A and B, and for all strains of 
B. dysenteriae, Shiga, Flexner, and Hiss. In 1924 I made two or three 
hundred passages with B. coli, B. typhosus, and B. dysenteriae, alternat- 
ing the bacterium with which the bacteriophage was placed in contact. 
A series of a dozen passages were then made with B, dysenteriae to elimi- 
nate avirulent corpuscles if any were present (in each passage 0.001 
cc. of the suspension previously dissolved was introduced into 10 cc. 
of a fresh suspension). And finally, the race was carried through three 
successive isolations by selection. This procedure assured two things; 
first, that all of the corpuscles avirulent for B. dysenteriae must have 
been eliminated by dilution, and second, that the derived suspen.sion 
represented the progeny of a single corpuscle. With the final suspension 
the xurulences were the same as those shown immediately after the iso- 
lation of the race in 1918. This can only mean, therefore, that a single 
bacteriophage possesses multiple virulences. 

In all of the experiments performed, where consideration was given 
to this point, it has been possible to show that among the corpuscles 
comprising a race of the bacteriophage, there are some- -many or few, 
as the case may be— -which show a virulence for a bacterium of a species 
other than that at the expense of which the passages have been made. 
The persistence of a latent virulence is a function of certain particularly 
apt corpuscles. In view of the very great number of corpuscles present 
aftei bacteriophagy, with the law of large numbers applying to each 
passage, it follows that the number of corpuscles presenting a latent 
virulence for a bacterium of another species continues practically the 
same. It is only after a very great many passages, always at the ex- 
pense of a single bacterium, that the aptitude for bacteriophagy with 
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other organisms becomes lost. In this connection we will see later 
many examples showing that the characters pertaining to each race of 
the bacteriophage are very stable. 

When, after a number of passages at the expense of a given bacterium, 
the bacteriophage corpuscle is placed in contact with a bacterium of 
another species for which some of the corpuscles possess a latent viru- 
lence, a selection occurs. Only the corpuscles having this virulence 
multiply; the virulence for the new bacterium is. thus increased so that 
after a few pa.ssagcs the virulence reaches such a degree that complete 
bacteriophagy is effected. It is necessary, however, to state that this 
tendency toward an increase in virulence differs very markedly for 
different races of the bacteriophage. Given two races of the bacterio- 
phage, both presenting a latent virulence for a single bacterial strain, 
one may obtain, after a few passages, a high virulence with one of the 
races while it may require a considerable number of passages before the 
second race attains a comparable degree of virulence. Indeed, with 
cei-tain races this may never be accomplished. 

We have seen in the experiments recorded above that even in the case 
of a bacteriophage having a maximum activity for a given bacterium 
each corpuscle possesses its own indmdual virulence. Certain of them 
arc high in virulence, others are less active. We will see that this is 
also true for the latent virulences which these corpuscles may manffest. 
This behavior of bacteriophage corpuscles is identical to that of patho- 
genic 1 >actoria . Since the time of Pasteur we have known that in a pure 
bacterial culture each individual cell, although possoosing the general 
characteristics of the species, presents “variations” which are peculiar 
to it. A bacterium may be considered, according to the expression of 
Maurice Nicolle, as a “mosaic” of properties, each of these properties— 
vitality, re.sistancc to such and such an agent, virulence for such and 
such an animal — being subject to continual variation. And the varia- 
tions in each of these factors follow different lines with each cell division. 
Everything would indicate that the situation is precisely the same for 
bacteriophage corpuscles. Each race of the bacteriophage possesses 
characters which distinguish it from other races, and each of the cor- 
puscles of a given race possesses characters which are subject to con- 
tinual variation. 

11. THE ACQUISITION OP VIRULENCE 

From the very first of my communications upon the subject I have 
insisted upon the fact that a bacteriophage can acquire, experimentally, 
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by passages, a virulence for a bacterium toward which it previously 
manifested no activity. In the first edition of my collected papers®*^ 
experiments were presented supporting this idea. Since that time a 
great many authors have confirmed this fact. The contributions of 
Otto and his collaborators in particular present many experiments dem- 
onstrating the truth of this idea. But I will mention here only the 
following, for these experiments arc extremely interesting from the 
theoretical point of view since they show how the virulence of the bac- 
teriophage is acquired under natural conditions, and from the practical 
point of view they are significant in that they indicate a procedum par- 
ticularly well adapted to bring about, experimentally, such an acquisi- 
tion of virulence. 
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* The method employed liy Janssen and Wolff for measuring virulence has been 
described. In the tables given here, dixxolution refers lo bacteriophagy in a 
fluid medium; inhihitwa to a retardation of growth when the bacteriophage is 
added to a seeded medium ; and plaques, of course, refers to the formation of these 
areas upon agar. 

Janzen and Wolff were the fii-st to .show that a race of Typhoid-bac- 
teriophage, manifesting at its isolation a virulence for certain strains of 
B. typhosus and at the same time completely avirulent for others, tvas 
able to acquire a definite virulence for some of the latter strains, and 
this simply by means of passages at the expense of certain susceptible 
strains. I am including here two of their experiments.®^® 

The virulences of the bacteriophage involved were determined for 5 
different strains of B. typhosus immediately after its isolation from the 
intestinal tract and again after a scries of passages with a single strain 
of the typhoid bacillus. ITie results obtained with bacteriophage 
race Re, are shown in table 14. 

Additional data arc given for bacteriophage, race Wi (table 15). 

The results are essentially these: bacteriophage Re, by virtue of 
passages at the expease of typhoid strain Sm has acquired a virulence 
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for strains 24 and 29, while bacteriophage Wi, through passages with this 
same strain Sin, has acquired a virulence for strain 1. 

Da Costa Cruz‘S has applied the same procedure to develop a race 
which would give bacteriophagy of a strain which was originally not 
attacked. When isolated this bacteriophage had but a slight virulence 
for strain 1 of B. typhosus, but it was very active for strain 18. With 
these two strains as extremes, the virulence for a number of other strains 
was more or less marked. The first passages were made with strain 18, 
then with strains which originally were less susceptible. Contacts were 
thus made involving successive passages with strains which were less 
and less susceptible. WTien the series of contacts was completed the 
race showed a very marked virulence for strain 1. 

It would appear, therefore, that contacts with species more and more 
remote from the normal host ma3% in reality, be the device whereby a 
given race of the bacteriophage acquires a virulence for a bacterium 
previously insensitive to its action. 

Eliava and mysclP^i have adapted a Staphylo-bacteriophage to 
bacteriophagy of B. dysenleriae Shiga, but thus far it has been impossible 
to accomphsh the reverse change. 

McKinley,*^* working with a race of Shiga-bacteriophage* quickly 
obtained a high virulence for the meningococcus by means of four pas- 
sages in a bouillon containing glucose and blood. This l)acteriopliivgo, 
after its adaptation to the meningococcus, was found to be virulent for 
Staphylococcus albas, aureus, and citreus, for M. lelragenus, for Strej)- 
tococcus hemolyticus, and for ]meumococci of Groups I, II and III. 

This same Shiga-bacteriophage, without the passages with the menin- 
gococcus was avirulent for all of these different organisms. 

The virulence of a race of bactenophage is not fixed. No race is 
immutable; all vary continually’. Some of them lose virulence, al- 
though very slowly, and others acquire virulences by adaptation. We 
will see that this behavior of the bacteriophage, here demonstrated 
experimentally, is but a reproduction of processes occurring in the same 
way in nature. 

12. BACTERIOrHAGT IN MIXED CULTURES 

If one introduces a bacteriophage possessing multiple virulences into 
a bacterial suspension prepared by mixing cultures of several different 

* A race which I sent him; indeed, one of the races which is mentioned here in 
a number of the experiments. It had undergone, at the time when it left my 
laboratory, about 1200 passages with li. dysenleriae. 
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susceptible bacterial species, bactcriophagy occurs, but not all of the 
organisms are attacked with the same intensity. Bacteriophagy is 
complete for the species toward which the virulence is maximal or very 
high, it is partial for others, and is, indeed, the less marked as the viru- 
lence for the organisms is the less pronounced. As a matter of fact, 
whether the bacteriophage acts upon different susceptible organisms 
separately or whether it acts upon mixtures of these bacteria, the 
attack occurs in just the same manner. 

It is rather interesting that it appears that the virulence for bacteria 
which are attacked but weakly may be increased more rapidly in com- 
bined cultures, as is indicated by the following experiment. 

Three tubes of bouillon receive respectively 0.01, 0.1, and 1 cc. of a 
known Shiga-bacteriophage. The three tubes are then lightly planted 
with B. coli. Normal cultures develop in the three tubes. Platings 
on agar give few pliuiucs. Each of the three cultures is transferred to 
fresh bouillon. Normal B. coli cultures develop. Transfers to agar 
give two plaques for the first tube, none for the other two. The culture 
yielding the two plaques is again re-inoculatcd. A normal culture 
develops. I'hc bacteriophage has been eliminated. 

This strain of Shiga-bacteriophage possesses, therefore, an extremely 
feeble virulence for the strain of B. coli under test. 

To 10 cc. of bouillon is added 1 drop of a concentrated suspension of 
Shiga bacilli (this should give a slight turbidity equal to about 50,000,000 
bacilli per cubic centimeter) and 1 drop of an equally concentrated 
suspension of B. coli. This double suspension is then inoculated with 
0.01 cc. of the Hhiga bacteriophage used in the above experiment. 

After twenty-four hours there is a slight turbidity. A new passage 
into a double Hhiga-Colon suspension is made. Perfect dissolution 
takes place after eleven hours. 

The dissolved suspension is then introduced, in a quantity of 0.04 cc., 
into a simple suspension of B. coli. Dissolution is complete in seven 
hours. 

The corpuscles have developed at the expense of the Shiga bacilli, 
and thus being maintained in the medium they have gradually acquired 
a virulence fer B. coli (d'Herelle®^^. 

nfisuMfi 

The multiplication of bacteriophage corpuscles belonging to differ- 
ent races docs not take place with the same intensity, even though the 
conditions for the process are identical for all. The activitv — ^the 
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'‘force’' — of a bacterioiihage is always strictly proportional to the in- 
tensity of its power of multiplication. The activity of a bacteriophage 
corresponds, then, to a “virulence” in the strict sense of the word 
(dTIerelle®^^). 

A method of “titrating” the activity of a race must take the attributes 
of the bacteriophage into consideration, in particular, the fact that it is 
corpuscular in nature and that the corpuscle possesses a virulence. 
Inasmuch as the activity of a bacteriophage for a particular bacterium 
is causally related to the intensity of its power of multiplication at the 
expense of this bacterium the only correct method of numerically 
expressing virulence consists in a determination of the number of 
corpuscles per cubic centimeter to be found in a suspension after bacte- 
riophagy is complete. R(‘suUs are comparable only if the figures repre- 
senting the intensities <^f multi])lication ai‘(' derived through experi- 
ments cari'ied out under comparable conditions. The larger the number 
of corpuscles found tlu^ more intense has been the development, and the 
higher is the virulence of the race (dTIcrclle). Particular emphasis is 
placed upon this f)oint bei^ause of its very great im[)ortanco; because of 
its lack of j^rccision the so-called “dilution nu^thod” of (counting bacterio- 
phage corpuscles can not be used in the study of bactcriophagy. It 
represents the greatest single cause of error appearing in the results of 
those who have, unfortunately, employed it. 

Inasmuch as different races of the baetteriophage show vaiying de- 
grees of viniloncM^ it is nt'cessary, in experimental procedures, to work 
with pure races, that is to say, with a race xderived entirely from a single 
corpuscle (Bail*^\). There are two methods of purification which permit 
one to obtain a pure racte. The first consists in the removal of corpuscles 
from a colony or phupie arising from the multiplication of a single cor- 
puscle (dMlerelle*'*’^''^^^); the second is the method where dilution is <‘ar- 
ried to the point where but a single corpuscle per unit volume is present 
(dTIcrelle^^^*^*'^). 

In a given susjxmsioii of the bacteriophage not all of the corpuscles 
are endowed with exactly the same properties. Virulence, in particu- 
lar, is variable for (*aeh one of them (d’llerelle'*'*’^). The method of isola- 
tion by the limiting dilution permits the selection of the most virulent 
corpuscles as the origin of pure races. This procedure is at one and the 
same time a method of isolation and of selection (d'llerelle). 

The virulence of a bactcrioi)hage is variable. It can be increased ex- 
perimentally. Increase in virulence may be obtained by serial passages 
with a bacterium toward which one desires the virulence to be increased 
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(d’Herelle,®*®). It is also possible to produce, experimentally, an atten- 
uation in the virulence of a bacteriophage. Attenuation occurs when it 
is subjected to an appropriate degree of heat (d’llerellc and Pozerski®”®). 
It may occur spontaneously with the passage of time (Asheshov^®). 

The action of certain races of the bactciiophago is strictly specific; 
they act upon but a single strain of a given bacterium. Examples of 
this are afforded by certain races of the lYphoid-bacteriophage (d’Her- 
eiie*i8). Certain bacterial species arc homogeneous w'ith regard to the 
bacteriophage, that is to say, when a race of the bacteriophage is virulent 
for one strain it is also virulent for all other strains. dysenteriae 
Shiga and B. peatk are examples of homogeneous species. Other bac- 
terial species are heterogeneous, that is to say, certain strains may be 
attacked while others are insusceptible (d’Hcrelle’®')- This natural 
resistance of certain strains is not absolute inasmuch as a strain may be 
unattached by one race of the bacteriophage allhough it is attacked by 
others (Janzen and Wolff®’*). 

Ordinarily a bacteriophage is virulent, not only for bacteria of a given 
species, but also for bacteria belonging to different si)ecies, sometunes 
to organisms very distantly related (d’Herelle®‘®). 1'ho range of viru- 
lence and the intensity of virulence may differ for each race of the 
bacteriophage and as the result of this it is impos.sible to conceive of two 
races as having absolutely identical cliaracteristics (d’Herelle®^®). 

The manner in which vimlence for different b.actcrial .species persists 
in a bacteriophage indicates that virulence is a fairly stable property. 
V'^inilence will pemist throughout a very great number ut passages, all 
carried out at the expense of a single strain (d Hercllc®*®). Multiple 
virulences pei-sist in spite of the fact that the race is subjected to purifi- 
cation prociedures, indicating that they arc, therefore, an inherent 
property of a race derived from a single corpuscle (d’Herelle) . 

The persistence of virulence for a bacti-num other than that with 
which the passages arc made is not an attribute of all corpuscles but 
of certain ones only, and the nurnlwr of these varies but slightly during 
a series of passages (d’llerelle”'). 

It is possible, by experimental adaptation procedures, to cause a race 
of the bacteriophage to acciuire a viruhmee for an organism against which 
it was originally completely inactive (dTIerolle*‘®’®®‘). 



CIJAPTER V 

Resistan(^ji: of the Bacteria 

1. SECONDARY CULTURES 

'I'hroiijijhout the first three chapters wc have studied the typical 
phenomenon of bactcriophagj^ as it is brought about through the action 
of powerful races of the bacteriophage. Here the bacteriophage cor- 
puscles develop in proportion as the bacteria become dissolved and when 
the process is once completed that which was a few hours j)reviously a 
suspension of bacteria has become a suspension of bacteriojihage cor- 
puscles, free of all bacteria. \\ e have also seen that the power of pro- 
voking bacteriophagy varies among races of the bacteriophage. For 
some of them the power to reproduce at the t'xpense of the bacteria is 
consideral)le, for others it is less, and this reproductive capacity cor- 
responds exactly to a virulence more or less great. As a rule each ra(»e 
of the bacteriophage will attack bacteria belonging to different species 
and will have for each of them a different degree of virulence, capable of 
})cing increased by ndaptalion. 

But there is another aspect of the phenomenon. In biology there is 
a gencTal law to the effect that all living beings react against an agtait 
which attacks tliem. Jf wo consider the bacteria, endowed with 
virulence for some animal species, we do not know of any w'hoso viru- 
lence can be such that an opposing inimunity may not possibly be 
acquired.* "Jlie natural law of resistance comes into play in the same 
way when a bacterium is attacked by a bacteriophage. Bacteria hove 
the capacity to resist, and may thus acquire an immunity to the bactci - 
iophage corpuscles which attack them (d'Herelle'*^^). 

There arc races of the bacteriophage of such virulence that under cer- 
tain detennined conditions of temperature and of medium the suscep- 
tible bacterium is alw ays overcome. Resistance is impossible. Bacteri- 
ophagy is then complete and the medium becoming clear remains so 
indefinitely. 

I have obtained, by repeated selection of the most apt corpuscles, 

* This has occurred and will occur in the future. The inescapable result of 
the possession by a bacterium of an “absolute virulence” for an animal species 
means the disappearance of this animal species within a short period of time. 
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races of the Shiga-bacteriophagc capable of effecting a complete dissolu- 
tion of normal suspensions and with such a race it is not necessary to 
filter the dissolved suspension through a candle to insure that the 
medium remain clear and sterile indefinitely. With such races bacteri- 
ophagy can bo continued throughout' an unlimited series without filtra- 
tion between the successive passages. After a process of selection it is 
the same for the Staphylo-bacteriophage described by Gratia as race II, 
but in order to obtain this result it is necessary that bacteriophagy take 
place at a temperature of 32°C. and that the bouillon have a pll greater 
than 7.5. If these conditions arc not satisfied a number of the suspen- 
sions, after a complete clearing, again become cloudy after an interval 
of time, and it is of interest that the number of suspensions to become 
turbid increases as the conditions become more, divergent from the 
optimum. 

The following experiments were carried out with Staphylo-bacterio- 
phage, race II. Normal suspensions, containing 250 million cocci per 
cubic centimeter, prepared from a 24-hour agar culture were used. Ten 
cubic centimeters of the suspension were inoculated with 0.001 cc. of the 
bactcriojihage. Each of the experiments comprised 24 tubes, each 
containing 10 cc., sulijccted to the same treatment at the same time. 

Experiments 1 to 5 illustrate the effect of temperature. In all of 
these the reaction of the bouillon was 7.8. 

1. Temperature, 25°C. After 32 hours bacteriophagy was complete 
in all 24 tubes. After 7 days, at 25°C., the 24 suspensions were limpid. 
After 2 months at laboratory temperature the 24 suspensions remained 
unchanged, peifectly clear. 

2. '^rcinpcrature, .3l°G. After 19 hours bacteriophagy was complete 
in the 24 tubes. After 7 days, at 31°C. the 24 suspensions were clear. 
After 2 months at laboratory temperature they still remained clear. 

3. Temperature, 36°(^. After 18 hours bacteriophagy was complete 
in the 24 tubes. After 72 hours at 3()°C. the 24 suspensions were limpid. 
After 4 days at 3()°C., 23 were limpid; one was cloudy. After 5 days at 
3(j°C., 22 were limpid and 2 were cloudy. After 7 days at 36°C. the 
result was the same. After 2 months at room temperature the results 
still remained the same; 22 tubes being clear, 2 being cloudy. 

4. Temperature, 40°C. After 18 hours bacteriophagy was complete 
in all 24 tubes. After 28 houi-s, 1 1 tubes were clear, 13 were cloudy. 
After 72 hours all 24 tubes were cloudy. 

5. Temperature, 31®C. After 24 hours all 24 of the suspensions were 
clear. After 6 days they still remained clear. At this time 20 of the 
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tubes were placed in the incubator at 41.5®C., the other 4 remained at 
laboratory temperature. After 24 hours at 41.5®C., 7 of the 20 suspen- 
sions were clear, 13 were cloudy. After 48 hours at this temperature all 
20 of the suspensions were cloudy showing an abundant secondary cul- 
ture. The four suspensions held at laboratory temperature were clear 
and remained so for 2 months. 

A second part of this experiment, designed to show the effect of the 
reaction of the medium vras carried out at a temperature of 31°C. 

6. The bouillon used had a pH of 7.0. Bacteriophagy of all 24 tubes 
was complete after 24 hours. After 48 hours the 24 tubes were turbid. 
This, compared with part 5 above shows clearly the importance of the 
hydrogen ion concentration. 

Experiments carried out with a potent Shiga-bacteriophage have given 
results of the same nature; the conditions of temperature and of reaction 
exerting a comparable influence. 

It may be well to state, and later we will consider this point further, 
that the optimum temperature may vary through some degrees. Fur- 
thermore, we have seen that the optimum temperature is not the same 
for all races; it is simply a question of adaptation as may be readily 
demonstrated by experiment. But it is none the less true that insofar 
as the bacteriophagy of B. dysenteriae and of the staphylococcus is 
concerned, once an adaptation has been accomplished, a temperature 
of 32°C, is optimum -the critical temperature. Above this, whatever 
may be the virulence of a bacteriophage and although it may be adapted 
to induce bacteriophagy at a higher temperature, permanent sterility 
of unfiltered suspensions of the bacteriophage is not uniformly obtained. 

Experiment 5 (above) is of significance, for it shows that although 
media in which bacteriophagy has been complete will remain sterile 
indefinitely if conditions favorable to the bacteriophage arc maintained, 
they will yield secondary cultures if placed under conditions favorabh' 
for the bacterium, although the media were perfectly clear and no 
bacteria could be found even by examination of the sediment secured by 
centrifugation. From where then, in these cases, are the resistant 
bacteria derived? This is a question which we will consider in a later 
section entitled Ultrabacteria. 

Macroscopic examination and biological reactions show that the tur- 
bidity which occurs in bacteriophaged suspensions is due to the develop- 
ment of bacteria of the same kind as those which formed the suspension 
prior to bacteriophagy. These cultures which develop under these 
circumstances, i.e., after bacteriophagy, I have termed secondary 
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Once bacteriophagy is completed with the suspensions perfectly clear; 
those tubes which are to give a secondary culture can not be distin- 
guished macroscopically or microscopically in any way from those which 
are to remain clear indefinitely. I'ransfers to bouillon and on to agar of 
bacteriophaged suspensions in which a secondary culture is to develop 
later remain sterile up to the time that the secondary culture appears. 
This does not often occur until 5 or 6 days after the dissolution, some- 
times even later. 

A suspension of Shiga bacilli, containing 250 million bacilli per cubic 
centimeter, is inoculated with 0.001 cc. of a culture of the bacteriophage. 
Normal bacteriophagy takes place in 5 hours, with the medium perfectly 
limpid. Tlie dissolved suspension is planted on agar and in bouillon 
1, 2, 3, 4, 5, 0, and 7 days after the dissolution is’ complete. All of the 
plantings remain sterile. On the eighth day the dissolved suspension 
is slightly clouded. On the ninth day a drop is introduced into broth 
and drops arc spread over 3 tubes of agar. Two of the agar tubes 
remain sterile, the third shows 4 small colonies. The broth tube gives 
an agglutinated, sedimented culture.*^^ 

1'he following experiments show that the number of secondary cul- 
tures to develop diminishes as the virulence of the bacteriophage is 
increased. The most potent race of the bacteriophage which I have yet 
isolated (these experiments were carried out in 1918) was combined with 
2 strains of the Shiga bacillus. One of these bacterial strains has been for 
a long time under artificial cultivation, being used by the Tasteur Insti- 
tute for the inoculation of horses in the production of anti-dysentery 
serum (type strain). The other was recently isolated from the stool of 
a patient with dysentery (strain Jerv.). 

(A) Twelve tubes of the suspension of the type strain of the Shiga 
bacillus are each inoculated with 0.001 cc. ,)f a culture of the bacterio- 
phage. This latter has been carried on for a great number of genera- 
tions always at the expense of a single bacillary strain. In all twelve 
tubes dissolution is perfect, with complete clearing in four hours. After 
three days at 37°C. one of the tubes is slightly cloudy, the others are 
clear. (Kve other experiments, each consisting of 12 tubes, with the 
same race of the bacteriophage and the same bacillus give the follow- 
ing results tubes showing secondary cultures in each set, 0, 2, 0, 3 
and 1. There develop, then, 7 secondary cultures in the 60 tubes, or 12 
per cent.) 

(B) Twelve tubes of suspension were prepareii with the strain Jerv., 
a strain with which the bacteriophage in question had never been in 
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contact. Each of these tubes is inoculated with 0.001 cc. of the same 
culture of bacteriophage as that used in the preceding experiment (A). 
Seven of the 12 tubes give secondary (*ultures. The results from five 
other experiments with the same strains are, 9, 5, 10, 5, and 6 secondary 
cultures, or 70 per cent. A week later 12 cultures of the Jerv. bacillus 
are inoculated from one of the ju’cvious tubes that had remained clear. 
From these, 5 secondary cultures are secured. 

A further passage made after another week, gives 4 secondary cul- 
tures in the 12 suspensions. After another week, a fourth passage, still 
taking the l)acteriophage from a perfectly limpid culture, yields but one 
secondary culture among the twelve inoculated. 

(C) At the beginning of convalescence in the dysentery case (Jerv.) 
a bacteriophage was Lsolated which was tested in the same manner both 
on the type Shiga strain and on the Jerv. strain. This last was derived 
from the patient early in the infection at a time when the intestinal 
bacteriophage had manifested no activity for this organism. 

With the bacteriophage Jerv. on the type bacillus 4 secondary cul- 
tures develop among the 12 suspensions dissolved. 

With the bacteriophage tforv. on the bacillus Jerv., there are no 
secondary cultures among the 12 tubes dissolved. When repeated 
upon an additional 12 suspensions a single secondary culture develops. 

To state the situation briefty, the frequency (»f secondary cultures is 
strictly related to the virulence of the bacteriophage. With the bac- 
teriophage of maximum virulence they do not occur when the conditions 
are optimum for the development of the bacteriophage corpuscles. If 
the conditions arc not best suited to the development of the bacterio- 
phage, secondary cultures may develop and the number to appear 
becomes increasingly large as the conditions are more remote from the 
optimum. With bacteriophage races but slightly below a maximum 
virulence a certain number of secondary cultures can always be obtained 
even though the conditions are optimum. A number of the bacterio- 
phage suspensions, many or few as the case may be, will remain limpid 
indefinitely while other tubes will give secondary cultures. With races 
still less virulent, but yet capable of causing a total dissolution of the 
bacteria of the suspension, secondary cultures always develop. And 
finally, for races where the virulence is only moderate or weak, the bac- 
teria acquire, within the first few hours, a resistance sufficient to enable 
them to develop in spite of the presence of bacteriophage. Under such 
conditions clearing of the medium can not take place. Coincident with 
the dissolution of those bacteria which are least capable of developing a 
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resistance there occurs a multiplication of the bacteria which are the 
more apt to acquire a resistance (d’Herelle®^^). 

This makes it clear why it is absolutely necessary, during a series of 
passages made to enhance the vimlence of a bacteriophage, to separate 
the bacteriophage corpuscles in the process of increasing their virulence 
from the bacteria which have acquired a resistance. As we know this 
can be done either by filtration or by heating. By causing in each new 
passage the corpuscles whose virulence is gradually being increased to 
react upon fresh, normal bacteria which have never yet been in contact 
with the bacteriophage, the phenomenon of gradually increasing resist- 
ance docs not intervene to counterbalance the progressive acquisition of 
virulence. 

We have already refuted the rather peculiar theory of Seiffert”* 
according to which it is not the bacteriophage which increases its viru- 
lence but rather the bacterium which adapts itself to the secretion of a 
“lysin.” An adaj)tation can not be transmitted to non-existent 
descendants. As a matter of fact the result of the adaptation of the 
liacterium to the bacteriophage is exactly the opposite to the production 
of a “lysin,” for the bacterium adapts itself to resist the agent which 
provokes its dissolution. 

Bacteriophagy is in reality a very complex phenomenon. The two 
cardinal factors which conic into play are the bacteriophage corpuscles 
on the one hand with their virulence and on the other, the bacterium 
with its cajiacity to resist. lOach of these factors is by its nature a 
varialile, subject to the conditions of the moment, ihe virulence 
and the resistance fluctuate continually; they are increased or they are 
diminished. The macroscopic result of bacteriophagy, that is to say, 
the dissolution of the bacterial cells, is the re.sultant of the tivo factors 
which operate in opposition to each other (dTIcrelle’*^). 

An experiment of Gratia-^” exteriorize.*., one might say, this struggle 
between virulence and resistance. Working with li. coli he has shown 
that in an acid (pll. 6.8), neutral (7.0), or even slightly alkaline (7.2) 
medium one may obseive a succession of waves of growth and of dissolu- 
tion of the bacteria exposed to the action of a bacteriophage. With each 
wave the growth is a little more accentuated and the dissolution follow- 
ing is less complete. With the same bacteriophage but under condi- 
tions which were more favorable, that is, in an alkaline medium (pH 
7.5), the phenomenon of bacteriophagy occurred normally. 

If the conditions arc still more unfavorable to the bacteriophage, for 
e.xample, if the medium is definitely acid, the bacteriophage no longer 
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attacks the bacterium. Under these circumstances the latter does not 
acquire a resistance since it is not attacked. Thus Scheideggeri®'* work- 
ing with B. coU, has shown that in a bouillon having a pH of 4.5, in 
which this organism is still able to develop, the bacteriophage remains 
inert, and the bacterium acquires no resistance. But if such a medium 
is neutralized bacteriophagy takes place and the colon bacillus 
develops a resistance. The optimum conditions for development are 
not the same for bacteriophage corpuscles and for bacteria. Conse- 
quently the conditions favoring the one or the other of the two antago- 
nists determines whether the first or the second will finally win out. 

2. THE OllIGIN OP SECONDARY CULTURES 

What is the intimate mechanism of the process that results in the 
formation of secondary culturc.s? A priori two hypotheses can be for- 
mulated. Two factors are present, a bacteriophage whose virulence 
may be attenuated, and a bacterium whose resistance may be aug- 
mented. Thus, are secondary cultures due to a weakening of the activ- 
ity of the bacteriophage, or, do there exist in the bacterial suspension 
cert,ain individual colls which acquire an immunity to the bacteriophage, 
thus leading to the development of a resistant race? The following 
experiments clearly settle the question in favor of the last hypothesis. 

In the section treating of the isolation of the bacteriojrhage we have 
seen that in the large majority of cases the races which are freshly iso- 
lated are of too low activity to effect a complete dissolution of a bacterial 
suspension; cases where the presence of the corpuscles could only be 
detected by the presence of plaques upon the agar slants. I’liesc same 
races were able to acquire, by successive passages, a very high activity, 
a potency which enabled them to bring about dissolution of very heavy 
suspensions. I’his method of serial passages of the bacteriophage, m 
which it is forced to develop in vitro at the expense of a given bacterium, 
corresponds c-xaetly with the method of Pasteur for effecting an enhance- 
ment in virulence of a bacterial strain by repeated passage through a 
given animal species. 

This single experiment, repeated a considerable number of times, - 
in fact, each time that a bacteriophage of low virulence is isolated from 
the body — shows that secondary cultures are not produced Iry a simple 
diminution in the virulence of the bacteriophage. Indeed, there is, on 
the contrary, an enhancement with each passage, even if macroscopic 
dissolution is not to be seen. For this the following experiment offers 
direct proof: 



restbtancb of bacteria 


189 


The contents of a tube that gave a secondary culture is filtered 
through infusorial earth and a bougie. Twelve tubes of a Shiga 
suspension are inoculated, each receiving 0,001 cc. of the filtrate. Per- 
fect dissolution is seen in all tubes, and in all but one the dissolution is 
permanent. This single tube again becomes turbid after 4 days. 

From this it is clear that the bacteriophage has not lost in virulence, 
and that secondary cultures can not be ascribed to a change in that 
direction. The bacteriophage remains virulent, coexisting with bacteria 
which have become resistant. The secondary cultures, then, are the 
result of an adaptation undergone by the bacterium which acquires an 
immunity to its parasite. 

It has already been shown that the number of corpuscles inoculated 
is without influence on the appearance of secondary cultures. Ihe 


TABtJ? 16 


TUDB 

AMOUNT 

OF BACTBRIOPHAGH 
FILTRATE 
INOCULATED 

RESULTS 


CC. 


1 

0.1 

Normal dissolution, secondary cultures 

2 

0.02 

Normal dissolution, no secondary cultures 

3 

0.004 

Normal dissolution, no secondary cultures 

4 

0.002 

Normal dissolution, secondary cultures 

5 

0.0002 

Normal dissolution, no secondary cultures 

6 

0.00002 

Normal dissolution, no secondary cultures 


conflict is not one of numbers; it is rather a stniggte in which the signifi- 
cant factors are virulence on one side and ability to resist on the other. 

A suspension of B. dysenieriae, 250,000,000 per cubic centimeter, is 
distributed into fi tubes and these are inoculated with variable quanti- 
ties of the same bacteriophage filtrate. The results obtained are given 
in table 16. 

The tubes yielding secondary cultures are distributed at random 
throughout the series, showing no fi.\ed relationship to those tubes in 
which the dissolution was permanent. 

Another experiment may be presented, indieating as it does, the ran- 
dom manner in which secondary cultures may develop. 

This experiment shows the serial activity of the bacteriophage 
together with the appearance of secondary cultures. Each tube of the 
series is prepared with a suspension of B, dysenteriae, 250,000,000 
per cubic centimeter, and into each is introduced 0.001 cc. of the dis- 
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solved suspension of the preceding tube. Transfers are made after 
twenty-four hours, that is, at a time when dissolution is complete. 
(See table 17.) 

Certain salts, when added to the suspension in very minute quantities, 
0.1 mgm. to 10 cc. of culture, favor the development of secondary cul- 
tures. The salts of lead (nitrate and acetate) and of silver (nitrate and 
sulfate) act in this way. The soluble phosphates and magnesium sulfate 
appear to be without action. With a single raee of bacteriophage and a 
given strain of bacillus the development of secondary cultures is, in 


TABtJ-: 17 


DATE 

A FKKUIl SPEN.SION DECEIVED THE 

M \TKKIAL INDirATElJ 

KB8TTLT 

July 8 

0.001 CC. of bacteriophage suspension 

Permanent dissolution 

July 9 

0.001 cc. of suspension ])acteriophaged on 
July 8 

Permanent dissolution 

July 10 

0.001 cc. of suspension hacteriophagod on 
July 9 

Secondary cultures in 3 
days 

July 11 

0.001 ce. of suspension bacteriophaKcd on 
July 10 

Permanent dissolution 

July 12 

0.001 cc. of suspension bactoriophaged on 
July ll 

Permanent dissolution 

July 13 

0.001 cc. of suspension bacteriophaged on 
July 12 

Permanent dissolution 

July 14 

0.001 cc. of suspension liacteriophagcd on 
July 13 

Secondary cultures in 4 
days 

July 15 

0.001 cc. of suspension bacteriophaged on 
July 14 

Permanent dissolution 

.Inly 16 

0.001 cc. of suspension bacteriophaged on 
July 15 

Permanent dissolution 

July 17 

O.lXil cc. of suspension bactoriophaged on 
July 16 

Permanent dissolution 


general, more freciuent when the suspension is prepared from agar cul- 
tures several days old than when made from fresh cultures. 

At first thought it appears strange that when secondary cultures 
develop with a race of bacteriophagd of high potency, they appear in 
some tubes and not in others. The following experiment offers an 
explanation for this. 

Two flasks, each containing 200 cc. of a B. dysenteriae suspension 
(250,000,000 per cubic centimeter) arc inoculated with 0.04 cc. of a 
culture of the bacteriophage (the same race as that used in the preced- 
ing experiments). Immediately after inoculation the contents of the 
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first flask is distributed into 20 tubes, 10 cc. to each. In all of these 
dissolution takes place normally, being permanent in 19, showing a 
secondary culture in 1 . The second flask is portioned out the next day, 
that is, after dissolution is coippleted, 10 cc. being placed in each of 
20 tubes. None of these become turbid. When this second part of 
the experiment is repeated, IS remain clear, and 2 tubes yield secondarj’ 
cultures. 

Each flask of suspension contained 50,000 million bacilli, and the 
above experiments show that of this number but one or two were capable 
of acquiring an immunity to the very active bacteriophage. It is these 
“immune” bacilli which give rise to organisms that enjoy the same 
degree of resistance. 

Secondary cultures, then, have their origin in' the operation of the 
phenomenon of natural selection, whereby some bacilli show a greater 
aptitude than others to the acquisition of a resistance to the bac- 
teriophage. 

The phenomenon of secondary culture formation is governed by the 
individual [jropcjrtics of the bacterium and bacteriophage. Against a 
single strain of bacterium the less virulent the bacteriophage the greater 
will bo the proportion of secondary cultures, or, in other words, the 
greater is the number of bacilli in the suspension eapable of acquiring a 
resistance. 

Gratia^®® has suggested that resistance to the action of the bacterio- 
phage may not consist in the acquisition of resistance by the bacterium 
but in a selection of those bacteria naturally endowed with this property 
prior to the action of the bacteriophage. 'I'liat a selection takes place 
is precisely what I had shown pre\aously®‘' by means of an experiment 
which has been presented in this present section. But it operates not 
through a'selection pf the bacteria naturallv endowed with a resistance, 
but through a selection of those susceptible bacteria which are the more 
apt at acquiring resistance. This experiment shows definitely that 
what takes place is really an acquisition, in the strictest sense of the 
word, of resistance to the action of the bacteriophage. This is empha- 
sized by the fact that a resistant t)acterium gradually loses resistance in 
the absence of virulent bacteriophage corpuscles. If resistance can be 
lost, obviously it is only because it has been acquired. We will consider 
further this phenomenon in a later section. 

3. VAUIABILITY IN ACQUIRED IIBSISTANCB 

Appelmans and Wagemans“ have published some experiments 
designed to show that bacteria may become resistant to one race of the 



192 THE BACTERIOPHAGE AND ITS BEHAVIOR 

bacteriophage and remain susceptible to another and this (luite without 
regard to the virulence of the bacteriophage against which the resistance 
is acquired. 

Unquestionably this observation is correct, but it is not legitimate to 
base too broad generalizations upon it. Everything depends upon the 
respective characters of the race of bacteriophage and the strain of 
bacteria. In niy experience, it has seemed that the matter of virulence 
usually exerts the greater influence, but to this there are many excep- 
tions, particularly when the bacterium involved belongs to a hetero- 
geneous species. A bacterium which has acquired a resistance to a 
bacteriophage of low virulence may remain susceptible to another bac- 
teriophage of high virulence. But a bacterium which has accpiired a 
resistance to a bacteriophage of very high virulence is usually resistant 
to bacterioi)hagy by other races whi(di are of lower virulence. 

In cases where two races of the bacterioi)hage have approximately 
the same degree of virulence a bacterium may become resistant to one 
of them and remain susce[)tible to the attack of the other. But even 
here, the matter of virulence often plays a role as is proved by the fju‘t 
that if a bacterium aeciuiros a refractory state toward a bacteriophagt^ of 
maximum virulence this bacterium usually resists the action of all other 
races of the bacteriophage even if they are likewise endowed with a 
maximum virulence. 

An experiment illustrative of these facts may be given. "Ilie 
Staphj’lo-bacteriophage v has a maximum virulence for but a single 
strain of the staphylococcus, Sl(ij)hyloco xiis albas V, Staphylo- 
bacteriophage k also possesses a maximum virulence, but its action is 
exercised indiscriminately upon all strains of the staphylococcus. J^y 
carrying out the process of l^acteriophagy in a bouillon having a pif of 
6.8, leading thus to secondary cultures, I have obtained a strain of 
staphylococcus resistant to bacteriophage h. With this bacterium a 
series of cultures were made in the presence of increasing amounts of 
bacteriophage A, first incubating them at 37°C., and then at 
Finally a strain of Staphylococcus V was derived which was refractory 
to bacteriophage A, that is to say, at this time the staphylococcus 
developed in a normal manner, macroscopically, in a pure suspension of 
bacteriophage h corpuscles in a medium with a pH of 7.8 and at a tem- 
perature of 30”C. 

At this time this staphylococcus was found to be refractory to the 
action of race v also, developing normally insofar as macroscopic obser- 
vation could reveal in a pure suspension of corpuscles of bacteriophage 
V with the medium of a pH of 6.8 and the temperature at 30°C. 
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These two races of the bacteriophage are, however, as different from 
each other as it is possible for them to be. As I have already stated, one 
of them, V, is virulent only for the V strain of the Staphylococcus albus. 
The other race, h, is virulent for all staphylococci, whether they are 
classed as albus, aureus, or citreus.* 

I have obtained the same results with three races of the Shiga-bacterio- 
phage. A Shiga bacillus, ha%dng become resistant to one of the races was 
also refractory to the action of the other two. 

These experiments warrant the conclusion that the resistance of a 
bacterium is by no means limited to the action of a single race of the 
bacteriophage, but that a bacterium having acquired a resistance against 
one race of the bacteriophage may manifest a resistance to the action of 
any other race whatever. It is only in the cases where the resistance 
acquired is relative that this resistance may be lacking with respect to 
the aetion of a bacteriophage of another race. 

It is, indeed, (luitc impossible to state any fixed rules governing the 
phenomenon of resistance to the bacteriophage. All that can be said 
is that usually such iind such is true, but that there are many exceptions. 
For example, in an cxi)oriment riJjwrted by BaiF'* dealing with a strain 
of li. coli wliieh was naturally resistant to one race of the bacteriophage 
but susceptible to another, by .suitable treatment this strain was induced 
to acquire a r(!sisf ano,e to the la.st race of baeterioph;>ge, and when this 
had developed the .strain was found to be susceptible to the race for 
which it previously was resistant. 

It would 1)0 just as unwise to generalize from tin* outcome of this 
experiment as to draw sweeping conclusions from the fact that under 
certain circumstances resistance appears to be specific. 

Let us bear clearly in mind, in order to avoid confusion such as has 
occurred with certain authors, that the iiaturul resistance to a bacterio- 
phage presented by strains belonging to a heterogeneous species bears no 
relation to the acquired resistance developing in a susceptible bacterial 
strain. These two distinct phenomena arc comparable to those proc- 
esses which are designated in immunology by the terms “natural 
immunity” and “acquired immunity.” 

* As wo know, an acquired resistance is gradually lost during successive trans- 
fers. In this experiment, the resistance of the V strain of the staphylococcus to 
bacteriophage v is lost after 7 transfers; resistance to bacteriophage h is lost only 
after 19. 



194 


THE BACTERIOPHAGE AND ITS BEHAVIOR 


4 . THE ACQUISITION OP RESISTANCE 

How can this acquisition of immunity by a bacterium be explained? 
Numerous experiments have shown that if a certain quantity of a 
slightly active suspension of a bacteriophage is introduced into a rela- 
tively heavy (1000 to 2000 million per cubic centimeter) suspension of 
bacilli, the corpuscles, readily demonstrated at first by the presence of 
plaques on plantings on agar, disappear from the medium after an inter- 
val of time varying from one hour to two or three days, and that they 
can not later be demonstrated. Subcultures give normal cultures of 
bacteria. On the other hand, we have seen that with a very virulent 
bacteriophage the corpuscles disappear from the fluid between ten and 
twenty minutes after introduction into a suspension, but that they reap- 
pear in about twenty times as great a number in from one to one and a 
half hours later- they have multiplied within the interior of the bac- 
teria. In the case of a bacteriophage of low virulence it seems, there- 
fore, that penetration of the ba(?teria takes place but that multiplica- 
tion can not be elTectcjd. The bacterium resists and the corpuscle is 
actually destroyed in vivo. These parasitized bacteria which '^rccover^' 
acquire by this an immunity. 

Another fact has boon sometimes observed which shows that certain 
bacteria are able to Ix'conie “carriers.’^ As has been said, heavy sus- 
pensions whicli are inoculated with a filtrate containing a relatively 
avirulent bacteriophage give after a few hours absolutely normal cul- 
tures on agar, free of })laques. If serial transj)iants are made of these 
cultures, the ]flantings being made in such a manner as to yield an even 
layer of growth, it sometimes ha])pcns that after a certain number of 
transplants, two to four, a very definite plaque appears, which is indeed 
a colony of the bacteriophage corpuscles. This is evidenced by the 
fact that succ(,*ssiv(^ passages from this plaque yield a very active baf- 
teriophage. From where could this corpuscle have so suddenly come? 
The corpuscle had nanained alive within a bacillus, and at a given 
moment, it overcame the resistance of the latter and multiplied. Its 
virulence being increased, the young corpuscles were able to parasitize 
the neighboring bacilli and form a colony. Any other explanation seems 
impossible, since, immediately after the inoculation of the bacterio- 
phage, seeding upon agar shows plaques characteristic of the presence 
of virulent bacteriophagous corpuscles, then these corpuscles completely 
disappear, the bacteria ,however, remaining sensitive to the action of a 
more active bacteriophage, for perfect dissolution is secured if the suspen- 
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sion is inoculated with a trace of a very active race of the bacteriophage, 
and finally, the active bacteriophage reappears after a series of subcul- 
tures on agar in the course of which all the bacillary cultures have been 
normal. This corpuscle can only be one of those which had disappeared. 
The fact, demonstrated by experiment, of the penetration of virulent 
bacteriophage corijuscles into the bacteria, warrants us in thinking that 
this corpuscle fbut slightly virulent) has been preserved in a latent 
living state within the interior of the bacterium. At a given moment 
the resistance of the baetciium is broken down and infection results 
(d'Hcrelle»2i). 

The fact that a bacteriophage corpuscle may penetrate a bacterium 
and bo destroyed there has been confirmed by Flu*“ w'ho has carried 
out the following admirable experiment. 

Flu found, among the cultures of the Institute of Tropical Medicine 
at the University of Leiden, a bacterium (isolated from the stools of an 
individual affected with sprue) which presented all of the cultural, 
])U)ehemical, and serological characteristics of B. dytienteriae Flexner, 
except that it was inagglutinable. This bacillus was refractory to all 
races of bacteriophage virulent for B. dysenteriae Flexner. Neverthe- 
less, suspensions of this bacillus, whether living or killed by heat, fixed 
the l)acteriophuge corpuscles of these races. 

By a method of grinding with anhydrous sodium sulphate, a method 
which will be described in a later section. Flu was able to recover the 
corpuscles which had been fixed to the killed bacteria. When they 
had been fixed to living bacilli he w'as unable to recover them. As he 
has observed, this fact can only be explained by a destruction of the 
ba(!terio])hagc coipuscles by the protoplasm of the bacillus. 

I have since proved by this same method that a bacterium rendered 
experimentally refractory behaves in the same ro.anner. As a matter of 
fact, this experiment was carried out with the refractorj’ strain of 
staphylococcus V, mentioned in a preceding paragraph. Destmetion 
of the bacteriophage occurred not only with the corpuscles of race v, 
but also with those of racie li. The destruction was, as a ruk,-, complete 
when the number of corpuscles in proportion to the number of cocci was 
not too great, for example, when there was not more than 1 corpuscle to 
100 cocci. When the ratio was higher very frequently unfixed corpus- 
cles remained. 

A bacterium possessing a moderate degree of resistance may destroy 
bacteriophage corpuscles of low virulence. A refractory bacterium may 
destroy corpuscles of maximum virulence. 
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5. THE BEHAVIOR OF THE BACTERIOPHAGE IN SECONDARY CULTURES 

The way in which the bactoriophag;<i behaves in secondary cultures 
involves a number of very interesting peculiarities. 

We have seen that a single bacteriophage corpuscle, provided it is 
endowed with a high virulence, may cause complete bacteriophagy in a 
normal bacterial suspension and dissolution is still more certain if the 
suspension is somewhat less dense. Dissolution of the bacterial cells is 
complete. If one simply seeds the bacterium into bouillon inoculated 
with a single very vinilent corpuscle there is a simultaneous develop- 
ment of a culture of the bacteria and of the corpuscles. When the latter 
have become sufficiently abundant to parasitize each of the young bac- 
teria, dissolution occurs rapidly and the medium becomes clear. 

Under all circumstances, then, the introduction of a single corpuscle 
of maximum violence into a medium containing from 1 to 250,000,000 
susceptible bacteria per cubic centimeter leads to a complete bactori- 
ophagy, and secondary cultures never appear, provided the conditions 
arc optimum for bacteriophagy, that is to say, provided the medium 
has a pH greater than 7.(5 and the temperature is lower than 32°( ■. 
Furthermore, in all such cases the corpuscles derived from the single 
corpuscle also have a maximum virulence. 

With a bacteriophage of high, but not maximum, virulence the inocu- 
lation of a single corpuscle causes a bacteriophagy manifesting itself in 
the same manner as the preceding, but with further incubation a second- 
ary culture always develops in the medium which had previously become 
completely cleared.* 

Let us, then, observe the coui’se of bacteriophagy as it takes place 
when a single corf)uscle of high virulence is inoculated into a series of 
tubes each containing 10 cc*. of a normal suspension of susceptible bac- 
tcria.f When bacteriophagy is complete and secondary cultures appet' r 
separate these suspensions in which the phenomenon has taken place 
into two groups. Filter the first group immediately while the medium 
is still clear. AVith the second group allow secondary cultures to form 
and filter them after a few days. 

Comparing the two filtrates it will be found that the number of bac- 
teriophage corpus(!les is practically the same in both* but while those 
of the first filtrate have a veiy high virulence, equal to that of the original 
corpuscles, the virulence of the second filtrate is attenuated. If pas- 

* See the section "Kvaluation of Virulence.*' 

t Following the technic which has been described, distributing 10 cc. of the 
last active dilution into 10 suspensions, 1 cc. per tube. 
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sages are continued in this same manner, allowing the filtrate which has 
been in contact with the resistant bacteria to remain unfiltered in each 
passage until secondary cultures form, it will be found that a gradual 
attenuation of virulence takes place. 

Hadley**! has reported that a Shiga-bacteriophage (one which I sent 
him) produced, at the beginning, plaques with a diameter of about 0 
inm. During a scries of passages continued throughout a period of 
2 years the diameter of the plaques became progressively less, up to the 
point where they ceased to be larger than 1 mm. At this time, on going 
Imck to the original suspension which had been preserved for 2 years in 
a sealed tube, he found that the plaques formed were just as at the begin- 
ning, i.e., about 6 mm. in diameter. And since the diameter of the 
plaques, all conditions being equal, is directly proportional to the viru- 
lence of the Vjacteriophage (d’Herelle®!*'*®!), Hadley has concluded that 
by successive cultures the bacteriophage has degenerated. 

But I have maintained this same race of the bacteriophage* and it 
has undergone in my laboratory a great many passages and the plaques 
still actually measure between and 6 mm. in diameter. This would 
seem to prove that the degeneration observed by Hadley is a result of 
the conditions under which baeteriophagy took place throughout his 
experiments. Whatever may have been the unfavorable conditions, 
there was most certainly a formation of secondary cultures and these 
must always be avoided if it is desired to maintain intact the virulence 
of a bacteriophage. To accomplish this it is only necessary to filter the 
material just as soon as baeteriophagy is complete. This is the best 
n}eans of avoiding, even from the beginning, the development of second- 
ary cultures which macroscopically might pass undetected. 

A bacteriophage, then, becomes attenuated during the same process 
which leads to an acquisition of resistance by the bacterium. Even a 
bacteriophage of maximum virulence may r)e “overcome.” To bring 
this about it is only necessary to inoculate it into a very concentrated 
suspension of bacteria,! It can be shown that under these conditions 
the virulence of the ])actefiophage becomes weakened. After a series 
of passages is niade in very heavy susi)ensions (8000 to 10,000 million 

* Jntentioiu.lly every time that I have given out a Shiga-baoteriophage I have 
always selected this same race. 

t We have seen that if a suspension contains more than 700 to 800,000,000 
bacteria per cubic centimeter the dissolution of the bacteria is incomplete, even 
under the action of a bacteriophage of maximum virulence. With a bacteriophage 
of less virulence the number of bacteria capable of being dissolved is less. 
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per cubic centimeter) the virulence is attenuated to such a degree that 
after a few passages the bacteriophage is lost. 

In a word, each time that a secondary culture develops the virulence 
of the l)acteriophagc concerned becomes attenuated and this attenua- 
tion is the more pronounced when, on the one hand, the initial virulence 
was low and when, on the other, the number of resistant bacteria in 
prof)ortion to the number of bacteriophage corpuscles present was high. 

This is precisely the experiment performed by Bordet and Ciuca^® 
who inoculated a relatively large amount (a twenty-millionth of a cubic 
centimeter) of a Coli-bac^teriophage suspension of average virulence* 
into a tube of bouillon which they then seeded with a culture of ii. coli. 
After a few days in the incubator at 37°C., that is to say, after a long 
contact of the corpuscles with a heavy culture of bacilli which had 
ac(iuircd a resistance, they heated the mixture at 57W in order to kill 
the bacilli (a further cause of the attenuation of the virulence), llicy 
demonstrated that the fluid contained a bacteriophage attenuated both 
quantitatively and (pialitatively. 

These authors have attempted to explain this attenuation by assum- 
ing that a degeneration of the ^‘lytic princuple^^ occurred. As a result 
of its low concentration each bacterium in the suspension could fix but 
a very small amount and being thus but very slightly stimulated it 
could regenerate only a weak “lytic principle.^^ 

Such an explanation is not admissible for it docs not take into account 
the fact that the bacteriophage exists in the form of corpuscles. Fol- 
lowing this publication of Boi’det and CUufi, I offered to give a demon- 
stration of the experiment proving the corpuscular nature of the 
principle, but the offer was not accepted. As a matter of fact, shortly 
after Bordet had published his exi)eriment one of his collaborators, 
Gratia, published an experiment confirming the fact that the “cont^m- 
tration” of the bacterio[)liage principle plays l)ut a secondary rdle.*^^"!* 
It is very (ivident that the explanation of Bordet can not be correct since 
if one inoculates the smallest active dilution of a suspension of bacterio- 
phage into 1 , 10, 100, or 1000 cc, of bacterial suspension baeteriopliagy 
takes place in the 4 suspensions in the same manner. 

As a final proof let us prei)are from a young agar culture of the staphy- 
lococcus 2 cc. of suspension each cubic centimeter containing 10,000 
million cocci. Remove 1 cc. and introduce it into 99 cc. of sterile bou- 

* As indicated by their experiments. 

t The experiment of Gratia and DeKruif has been referred to in the section 
dealing with ^'Evaluation of Virulence.*' 
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illon. We will thus have on the one hand 1 cc. of bouillon containing 
10,000 million cocci and on the other hand a flask containing the same 
number of cocci suspended in 100 cc. of bouillon. Inoculate the two 
suspensions with the same quantity (1- lO"*) of a bacteriophage of maxi- 
mum virulence. After incubation it will be found that the liquid in the 
flask is clear and remains so indefinitely, and the corpuscles present 
show a maximum virulence. At this same time the cubic centimeter 
quantity is extremely cloudy and after filtration it will be found that only 
attenuated corpuscles are present, their virulence being not even 
moderate. 

It is possible to demonstrate this same fact in a still more conclusive 
manner. The cubic centimeter of suspension is inoculated with 0.1 
cc. of a bacteriophage suspension; the hundred cubic centinieters with 
a hundred-millionth of this amount of the same suspension. After 
incubation the results are absolutely comparable to those of the preced- 
ing experiment, (/orpuscles of a maximum virulence are found in the 
100 cc. quantity and corpuscles of a low virulence in the cubic centi- 
meter. In view of the fact that the number of bacteria was the same in 
both cases,* the attenuation of virulence can not, then, be explained by 
assuming that the bacteriophage disseminates its action through too 
large a number of bactena. This is, however, a 'priori certain since 
we know that the bacteriophage acts as a unit; a single bacteriophage 
inoculated into 10 cc. of a normal suspension, that is, placed in contact 
with 2500 million bacteria, effects a complete bacteriophagv. 

What, then, can be the cause of the attenuation in virulence? The 
single point which differentiates the process of bacteriophagy as it 
occurs in one suspension from that taking place in the other is that in the 
100 cc. of suspension a secondary culture does not develop. None of the 
bacteria there acquire a resistance. In the 1 cc. the bacteria become 
resistant. All of the other conditions such as the number of corpuscles 
and the number of bacteria, the state of these bacteria and of the cor- 
puscles combined with them, the nature of the medium and the tem- 
perature are alike in the two suspensions. This being the case, it 
seems necessary to conclude that the single difference observed, that is, 
the acquisition of a resistance by the bacteria, is responsible for the 
attenuation of the bacteriophage corpuscles. 

Of interest in this same connection are the observations of Bordet,®’ 
as well as those of Gratia and de Kruif.*’'* They have found that if 

* One might even accomplish the experiment by placing three or four times as 
many bacteria in the 100 cc. as in the cubic centimeter. 
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bacteriophage corpuscles are removed from the center of a plaque on 
agar, the corpuscles are virulent while in the periphery of the plaque, at 
the maigin of the bacterial growth an attenuated bacteriophage is 
found. 

The reason for this attenuation is still the same. Let us recall the 
manner in which the plaque is formed. A corpuscle is deposited upon 
the surface of the agar in the midst of many bacteria. This corpuscle 
parasitizes the bacterium in its immediate vicinity and multiples, and 
young corpuscles are liberated by the destmetion of the parasitized 
organism. These freed corpuscles in their turn parasitize the bjicterial 
cells with which they come in contact and the process thus continues in 
this manner. But during this time those bacteria which are found 
beyond the reach of a corpuscle multiply. The l.)actcrial layer becomes 
thicker and thicker and consequently more and more difficult to attack. 
If the corpuscles are very virulent, that is to say, if they are reproducing 
actively the plaque has reached a diameter of several millimeters by the 
time the critical period is reached, when the bacterial layer becomes 
sufficiently dense to '^^uiTocato'' the bacteriophage corpuscles.*^ If tlic 
bacteriophage is of low virulence this period is reached when the i)la(iuo 
is small, simply because of the slowness with which the corj)usclcs have 
multiplied. When the layer of growth has reached a certain thickness 
the products resulting from the activity of the bacteriophage corpuscles 
can no longer diffuse into the agar.f Wc have seen alreatly that it is 
precisely because of the non-diffusion of the products resulting from 
bacteriophagy that the process on agar limited. The activity of 
the corpuscles becomes paralyzed and the bacteria become resistant and 
acquire an immunity. This is precisely what takes place at the periph- 
ery of the placpie. 'I'he same (conditions are to be found there as when 
corpuscles are inoculated into extremely dense bacterial suspensions, 

* We have seen that a niimljcr of factors limit the multiplication of bacterio- 
phage corpuscles on agar. The first of these is the thickness of thcTayer of me- 
dium which to some extent regulates the rapidity with ^yhich the products which 
result from the activities of the bacteriophage and which impede its action, diffuse. 
Furthermore, the critical moment for the bacterium is that time when it is di- 
viding. Division is intense when the layer on the agar is very thin, but it is much 
less active when the layer becomes somewhat thicker for it then contains a num- 
ber of old bacteria but slightly susceptible to attack. 

t The fact that bacteriophagy takes place perfectly well on gelatin provided 
that the layer is very thin on a substratum of agar shows beyond possible con- 
tradiction the effect of diffusible products upon the activity of the bacteriophage 
corpuscles. 
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and the result on the corpuscles is the same in both cases, — ^an attenua- 
tion of virulence. 

Bordet®® has further shown that if a Petri dish is seeded with a cul- 
ture of B. coll (and all other bacteria behave in the same manner) and if, 
then, a drop of bacteriophage of moderate or vreak* potency is deposited 
upon the surface the bacteria do not develop in this region, but after 
some time colonies of resistant bacteria appear. If these mixed colonies, 
which, as we will sec in a later section, contain both bacteria and bac- 
teriophage corpuscles the latter possess an attenuated virulence. The 
reason is always the same; virulence becomes attenuated through con- 
tact with bacteria which have acquired a resistance. Bordet and 
Ciuca®^ have stated that a bacteriophage attenuated in one or the other 
of these experiments which have been cited, is no longer able to increase 
in virulence by passages with susceptible organisms. Brutsaert^®^ 
has shown that this is not the case. After 12 to 20 passages he obtained 
an increase in virulence to such a degree that it became equal to the 
virulence of the bacteriophage prior to its attenuation. I have con- 
firmed this fact entirely. 

The erroneous conclusion reached by J Bordet may be ascribed to the 
fact that the virulence of a bacteriophage attenuated through contact 
with resistant bacteria becomes mcreased only very slowly during the 
first passages with susceptible organisms. It is only after 7 or 8 pas- 
sages that the virulence begins to be increased to an appreciable degree. 
Once it has started to augment the increase is rapid. 

One might conclude from these facts that the bacteriophage corpuscles 
become increased in virulence by passages with susceptible bacteria, 
and that virulence is attenuated by passages wdth bacteria which have 
acquired a resistance, that is, an immunity. Bacteria which have 
acquired a completely refractory state may even destroy the corpuscles. 
Here again the manner in which the bacteriophage corpuscles and the 
susceptible bacterium which has acquired an iiiimunity behave is 
exactly like that of the pathogenic microorganism and the susceptible 
animal which has acquired an immunity.t It is, on the other hand, 

* If the bacteriophage is of maximum 'virulence or is very active no resistant 
bacterial coloines dcveloi>. Hordet did not state, in his paper, the virulence of 
the bacteriophage with whicli he worked, but it is obvious that the virulence 
was weak because of the fact that resistant colonics developed. 

t Among all of the experiments which might be mentioned and which have been 
of interest to all biologists there is one which is of particular interest because t he 
conditions, experimentally, arc aliuost identical with those of corpuscles at- 
tenuated through contact with resistant bacteria. 

Wollmann inoculated a few dr jps of an attenuated culture of B, anthracis into 
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evident that the attenuation of the virulence of a bacteriophage takes 
place only when the resistance of the bacteria dominates the virulence. 
In the opposite case, when the resi.stant bacteria are overcome there 
results, naturally, an increase in virulence. A bacteriophage, when 
overcome, is attenuated. A bacteriophage when overcoming is 
enhanced and the increase in viiulence is in direct proportion to the 
resistance of the bacterium overcome. WTicther these events take 
place in the scale of beings that involve the susceptible animal and the 
virulent bacterium or the susceptilde bacterium and the virulent bac- 
teriophage is of no fundamental significance. The result is exactly the 
same. 

Some experiments of (Iratia and of Wollstcin illustrate particularly 
well the increase in virulence rc'sulting from the contact of a victorious 
bacteriophage with bacteria which have acquired a resistance.-'"* A 
bacteriophage at its time of origin presented a specific activity, limited 
to a single strain of li. coli. Huccossivc p<assages were made at the 
expense of resistant bacilli of this same strain. I’he results are sum- 
marized in table 18 = complete bacteriophagy, no resistant 

colonies forming Avhen the material is spread upon agar; -f -f-f- = 
almost complete dissolution, less than 12 colonies developing when 
spread upon agar; ++ = partial dissolution, many resistant colonics 
appearing; + = no dissolution, a few plaques forming when spread upon 
agar; — = no bacteriophagy^; S = the susceptible strain, 11 = the resist- 
ant strain). 

the peritoneum of a guinea-pi^-jj. After a few hours he removed the peritoneal 
exudate and centrifuged it at moderate speed, the leukocytes, together with the 
phagocytized bacteria, collecting in the sediment. The free bacterut, i.e., those 
which had resisted phagocytosis, remained suspended in the supernatant 
fluid. With these materials he inoculated two guinea-pigs intraperitoneai'v. 
To one he gave a few drops of the supernatant fluid, containing, of course, ** vic- 
torious’^ bacteria, and to another he gave a portion of the sediment containing 
phagocytized bacteria, that is to say, “conquered” organisms. He continued 
these passages in a double series and demonstrated that the virulence of the strain 
resulting from the selection of the “victorious” bacteria increased with each 
passage and ended by being very high. On the contrary the strain resulting 
from the selection of “coruiuered” bacteria became more and more attenuated. 
It is only necessary to substitute in the experiment of Wollmann the word 
“guinea-pig” or better yet “leukocytes of the guinea-pig” by “bacterium” and 
the word “bacterium” by “bacteriophage corpuscle” in order to realize how 
completely the facts observed by him conform to the behavior of the 
bacteriophage. 
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These experiments are of great interest for they indicate, as Gratia 
himself has remarked, a method of increasing the virulence of a bacterio- 
phage and they show how virulence toward diverse bacterial species may 
be acquired. 


G. THE LOSS OP RESISTANCE 

Bordet and Ciuca®® were the first to show that the serum of an animal 
which had received a series of injections of a bacteriophage suspension 
possesses the property of inhibiting the action of this bacteriophage. 
We will return to these experiments in another chapter. They dis- 
tributed*® over the surface of an agar slant a few drops of an anticoli- 
bacteriophage serum, and allowed the agar to become impregnated with 
this by holding the tube for a few hours in the incubator. They then 
seeded the tube with a resistant Ji. coli admixed with a bacteriophage. 
The latter was unable to develop and consequently they obtained an 
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ultra-pure culture of B. coli refractory to bacteriophagy. By a series of 
subcultures they showed that the resistance \v'as gradually lost, but it 
was only after 21 consecutive passages carried out in the complete 
absence of the bacteriophage that its sensitivity was restored to a degree 
corresponding to that of the original B. coli. 

Bruynoghe^^® did not succeed in purifying a contaminated strain of 
B. dysetiteriae Shiga with an antiserum. He demonstrated that bacterial 
“recovery” and the return to sensitivity is the more difficult to obtain 
when bacteria have been for a long time and during a very considerable 
number of generations, in contact with bacteriophage corpuscles. 

Eliava and Pozcrski**‘ have noted that if the material resulting from 
the complete dissolution of a suspension of dysentery bacilli by a 
bacteriophage of high virulence (but not maximal for then the agar 
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remains completely sterile) is sproail over an agar surface the latter 
remains sterile except for a veiy limited growth of fine colonies. This 
restricted growth takes place at the extreme upper margin of the agar 
at the point where the substrate forms only a veiy thin layer.* With the 
tip of a very fine glass needle tliey removed the center of one of these 
minute colonies and seeded it upon an agar slant which had been pre- 
pared for a few (la 3 "s and was, therefore, dry. After 2 or 3 comparable 
transfers, that is to say, after removing daily for seeding the center of a 
fine colony located at the margin of the agar they obtained an ultra- 
pure bacterial culture, one which no longer contained bacteriophage 
corpuscles.t The ultrai)nre culture thus obtained is composed of 
refractory bacilli insuscejitihlc to tlie bacteriophage even if the latter is 
of maximum virulem^e. A suspension of such bacilli inoculated with 
any quantity whatever of bacteriophage suspension develops as in a pure 
bouillon. 

They transplanted the ultra] >urc culture every day. At the end of 8 
transfers they showed that the bacteria were still resistant but no longer 
completely refractory for the inoculation of a bacteriophage into sus- 
pensions caused bacteriophag}' although the dissolution was only partial. 
During the course of sul)SC(iuent cultures upon agar resistance gradually 
diminished but it was still demonstrable after 15 transplants. 

In brief, then, the conclusion of these authors confirms that of liordet 
and Ciuca insofar as it deals with the gradual loss of resistance. 

I have repeated this experiment, effecting the purification in another 
manner, simply by the classical procedure of isolated colonics on agar, 
operating on the basis of the fact which I had previously noted'^^^ that 
by implanting secondary cultures on agar one rniglit o}>tain ultrajnire 
colonies. I have, therefore, very readily effected repeated purifications 
by isolated colonies on agar following the old method described by K. 
Roux.f Each of the tubes during the isolation should remain for 3 days 

* The formation of these colonies in spite of the presence of bacteriophage 
corpuscles is due to the thinness of the agar layer. The products resulting from 
hacteriophagy can not diffuse into the substrate and the action of the bacterio- 
phage is inhibited. 

f In what follows I will designate colonies, or a culture or a bacterial strain 
which is free of bacteriophage corpuscles l)y the qualifying word “ultrapure.*' 

t This is a procedure which 1 can not recommend too highly for the isolation of 
pure strains, not only in the case of a contamination by bacteriophage corpuscles 
but also as a general procedure for purifying bacterial strains. The materials 
needed are a tube of sterile bouillon (0 or 7 cc.) and an agar slant. The only con- 
dition is that the agar slant contain some water of condensation, — if the amount 
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in the incubator, thus providing for the development of sufficiently 
large colonies. At each isolation material is removed from the margin of 
a colony in such a way as to obtain the youngest organisms, that is to 
say, those organisms belonging to the generations most distant from the 
bacillus from which the colony originated. After 18 subcultures the 
bacilli have lost all resistance. They undergo bacteriophagy within 
exactly the same time and in the same manner as do bacilli of the same 
strain which have never been in contact with the bacteriophage. Simple 
calculation (after having determined the number of bacilli composing a 
colony produced under the conditions of the experiment) has shown that 
in the case of B. dysentei'iae Shiga which had acquired a refractory state 
through cultivation in the presence of bacteriophage corpuscles of maxi- 
mum virulence and which were then cultivated in the absence of cor- 
puscles, the loss in resistance was complete only after 400 to .500 genera- 
tions, that is to say, after 400 or .500 divisions. 

In comparable experiments carried out with a staphylococcus complete 
loss of resistance was obtained after 150 to 200 generations of the ultra- 
pure culture. 

All of these (;xperimcnts agree in showing that in the absence of bac- 
teriophage corpuscles, resistance, that is to say, the immunity acquired 
by a bacterium, is transmitted hereditarily throughout a great many 
generations but th.at it diminishes gradually with successive generations. 
After a larger or smaller number of generations, the loss of this immunity 
is complete. The bacterium has again become as susceptible as it was 
l)rior to its conflict with the bacteriophage. 


present is not sufficient, that is, 0 or 8 drops, it should be supplemented by the ad- 
dition of a few drops of sterile bouillon. With a fine platinum wire remove from an 
agar slant a very small quantity of the culture which is to be purified. Introduce 
this trace of culture into the bouillon tube removing the material by rubbing the 
culture off on the wall of the tube at the surface of the liquid. Shake the medium 
vigorously in order to susiicnd the bacteria introduced. Sterilize the platinum 
wire and dip the end into the bouillon. C.arry the trace of liquid over into the 
condensation water of the agar tube. Shake this and then incline the tube and 
distribute the implanted condensation water over the entire surface of the .agar, 
ria.'je the tube vertically in the incubator, .\fter a few attempts it is possible 
to carry out the two procedures (that of seeding the agar and then the transfer 
to the water of condensation) in such a way that from 5 to 10 colonies on the agar 
slant can regularly be obtained. This method of isolation, which I believe has 
not been published, was shown mo bo Dr. Roux. He employed the procedure 
for the isolation of pure strains of B. diphtheriae in connection with his well- 
known studies leading to the discovery of diphtheria toxin. 
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7. THE BACTERIA OF SECONDARY CULTURES 

Spread a drop of a secondary culture upon the agar of a Petri dish 
prepared in such a way that the agar layer has a depth of some 7 to 8 
mm.* The result of seeding differs in accord with the virulence of the 
bacteriophage present in the secondary culture, and consequently with 
the resistance of the bacterium, since in a secondary culture there is an 
equilibrium between the distinctive properties of the two antagonists. 

A secondary culture of ii. <h/senteri(ie Shiga or of the staphylococcus 
obtained at 38®('. seeded upon a thin layer of agar usually gives no 
colonies in spite of the presence of a bacteriophage of maximum viru- 
lence, The agar is sterihj fd’Hcrelle‘^^0 although the microscope 
shows the turbidity of the secondary culture was due to the presence of 
bacteria. 

We have seen that on agar the inhibitory products, resulting from the 
attack on the bactciia by the liacteriophagc, diffuse into the substrate. t 
In a licpiid medium these products freely exercise their inhil)iting action. 
Upon deep agar they diffuse as quickly as they are formed and no longer 
interfere with the bacteriophage corpuscles so that the latter are able 
to overcome the ba(‘teria in sjiite of an acquired resistance. That this 
is the true explanation is very well shown by the fact that on a thin agar 
layer having a depth of only 1 or 2 mm. confluent colonies of resistant 
bacteria develop Avhen it is sc'cdcd with the same secondary culture which 
gives no colonies wliatev(‘r upon a thick layer of the medium. 

This question of the thickness of the substratum is also of significance 
in cases where the sf)reading is made upon an agar slant; the lower part 
of the medium may remain sterile while the upper portion is covered by 
colonies, the latter being the more numerous as the layer of the agar 
becomes thinner. 

If the bacteriophage has a high virulence, but not a maximal, the thick 
layer of agar may still remain sterile although at times a few colonies 
may be observed (d’llerelle’^^^). 

With a bacteriophage still less virulent the bacterial colonies are 
always present and their number is the greater as the virulence of the 
liacteriophage is the less. 

* We have seen that bacteriophfigy docs not take place upon solid media when 
the products resulting from tlie action of the bacteriophage are not able to diffuse 
into the medium. If a secondary culture is spread upon gelatin or even upon a 
thin layer of agar a continuous layer of bacteria, quite naturally, develops. 

t We have likewise seen that these inhibiting products can not !)e the normal 
secretory products of the bacteria since bacteriophagy takes place in filtrates of 
old cultures. 
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Experimenting with B. dyserderiae, I was the first to show®'^ that all 
of the colonies which appeared on agar were ultrapure, that is to say, 
contained only bacteria with a complete absence of bacteriophage 
corpuscles. Bordet and Ciuca** ’ working with B. coli were, on the other 
hand, the first to find that all of the colonies obtained after seeding 
a secondary culture were contaminated with the bacteriophage. 
Kuttneri®* working with B. typhosus has shown that in reality one may 
find two types of colonies, ultrapure colonics and contaminated colonies. 
And shortly after this, Bordet and Ciuca® reported that there are three 
types of colonics: (a) ultrapure colonies formed of resistant bacteria; 
(ft) contaminated colonics cont aining resisting bacteria and the bacterio- 
phage, and (c) ultrapure colonies which contain only susceptible bacteria. 

It is probable that these last are in reality colonics formed by bacteria 
w'ith a very low' resistance but it is doubtful if they are entirely devoid of 
resistance. Bruynoghe,*'® has, as a matter of fact, shown that one may 
find a whole scale of resistance, from colonies composed of refractory 
bacteria up to those in w’hich the resistance is so weak that it is only 
manifest by a very insignificant retardation in bacteriophagy. The 
proportion of contaminated colonics in relation to the number of ultm- 
purc colonies is extremely variable. It varies on the one hand with the 
degree of resi.stance of the bacterium and on the other with the duration 
of the .sj'inbiosis. Bruynoghe and Maisin”* report that with a secondary 
culture of B. coli seeded upon agar they did not find a single contam- 
inated colony among the :i0 which they examined. In an/'ther experi- 
ment performed with fihiga bacilli 9 of 10 colonies wore ultrapure, one 
only was contaminated. Wo will see on the other hand that when the 
symbiotic association has continued for a long time it may be very 
difficult to obtain ultrapure colonics. In this hist case it is necessary to 
adopt special methods of isolation. 

If we make a preparation for procuring isolated colonies from a colony 
of low resistance we will find that all of the colonics which are derived 
from it arc likewise either lacking in resistance or present a very low 
resistance, usually somewhat below that of the bacteria of the original 
colony. On the contrary, if we secure, also by the method of colonies, 
ultrapure erJonies possessing a high resistance the result Ls exactly the 
same as though we had made the planting directly from the secondary 
culture, that is, the majority of the colonies are formed of bacteria 
having little or no resistance while some few are made up of bacteria of 
high resistance. This shows us that in a colony, which tested as a whole 
appears to be resistant, the resistance actually belongs to some few of the 
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bacteria. If one suspends all of such a colony and inoculates this sus- 
pension with bacteriophage corpuscles the more highly resistant bacteria 
will not be attacked, but will multiply while the less resistant bacteria 
are parasitized and this permits a simultaneous multiplication of the 
bacteriophage corpuscles. 

As for the resistant colonics contaminated by corpuscles, colony 
isolation shows that, like the secondary culture from which they were 
derived, they form ultrapurc colonies of varied resistance as well as 
contaminated colonies. 

We have seen that in a suspension of bacteriophage corpuscles each one 
possesses its own virulence, one corpuscle differing from another. We 
also know that in a suspension of susceptible bacteria each organism 
presents a capacity for resistance which varies from one bacterium to 
another. We now find that in a secondary culture each of the bacteria 
have a special resistance, varjdng from one to another. It is these 
variations which render biological phenomena so complex and which 
render their study so difficult. 

8. MIXED CULTURES 

We have seen what takes place if a secondary culture is subcultured 
by means of isolated colonics. What happens if the subculturing is 
made “in toto,” that is to say, if a drop of a secondaiy' culture is removed 
and implanted into .sterile bouillon, or if a portion of a contaminated 
colony is transferred to either a tube of bouillon or to an agar slant? 

W^hen one inoculates bouillon with a secondary culture “en bloc” or 
with a contaminated colony from agar the medium frequently remains 
sterile. In such a transfer the bacteriophage is introduced and bacterio- 
phagy takes place with the young bacteria derived from the multiplica- 
tion of the bacteria implanted. Sometimes on the agar slant or in the 
bouillon it is the bacteria which prevail. Due to their resistance they 
develop in spite of the bacteriophage corpuscles which are present and 
under these conditions the cultures can be recultivated indefinitely 
(Bordet and (^iuca'" as well as Kuttner.*®*) It is, indeed, possible to so 
arrange things that the bacterium will always prevail. To accomplish 
this it is only necessary to modify the conditions in such a way as to 
provide an unfavorable environment for the corpuscles. This is what 
happens in a liquid medium when one introduces the bacteriophage into 
a medium containing a sugar fermented by the bacteria. Acid is 
formed, and as is known, bacteriophagy takes place with difficulty in 
such a medium. U pon a solid medium an inhibitory infiuence is provided 
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by reducing the thickness of the substrate thus interfering with the 
diifusion of those products which are inhibitory. 

I have applied the term, “mixed cultures” to cultures derived from 
secondary cultures when resistant bacteria and virulent bacteriophage 
corpuscles co-exist. The appearance of mixed cultures varies in 
accordance with the degree of resistance of the bacterium. 

With the bacteria possessing but relatively little resistance, and as a 
consequence having a bacteriophage of but low virulence, the appearance 
upon a solid medium or in a liquid medium veiy closely approaches that 
of a normal bacterial culture. The isolated colonies are often irregular 
(Kuttncr;’®*) the so-called “flattenformen” of Gildemeister. 

When the degree of resistance on the one hand and the virulence on the 
other are somewhat higher the bacteria develop in the sediment, the 
medium remaining more or less clear fGratia-®®). 

When the resistance and the virulence are very high, the bacteria 
grow in the fonn of very dense agglutinated masses impossible to 
dissociate by shaking. None of them float in the medium; all are 
collected on the bottom and on the walls of the tube. Growth is very 
slow but after some 15 days each of the agglutinated masses may have 
the size of a small pin-head (d’Herelle*^’)- I have obseiwed this appear- 
ance of inLxed cultures, always with refractory bacteria, with the 
organisms of the colon-typhoid-dysentery group and with staphylococci. 

According to Brutsaert,*™ secondary cultures always present this 
appearance in a hypertonic bouillon. 

This very distinctive appearance, characteristic of resistance and 
maximal virulence, is retained but rarely tliroughout a series of suc- 
cessive transfers in bouillon. I have found this appearance to be 
permanent in only two cases and these two were mixed cultures of 
Shiga bacilli and the bacteriophage. Usually the virulence of the 
bacteriophage weakens rapidly, beginning with the second or third 
transplant and one then finds the ordinary type of mixed culture in the 
sediment while the supernatant fluid is more or less cloudy. In the two 
cases of permanently agglutinated mixed cultures it was, however, only 
necessary to render the conditions favorable for the bacterium (increase 
in temperature, in acidity, etc.) in order to obtain mixed cultures in 
the sediment. 

Upon agar, mixed colonies containing bacteria of very high resist- 
ance and bacteriophage corpuscles of high virulence are usually small, 
viscous, and of slow growth (d’Herellc®*')- 

Bordet and Ciuca** have obtained mixed colonies of B. coli which 
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assumed the form of B. a&rogencs colonies. I also have observed 
colonies of this type. Their occurrence is very irregular and up to the 
present it has been absolutely impossible for me to detenninethe condi- 
tions governing their appearance.* 

As a mailer of fact, there is hardly anything which presents a wider 
variation in appearance than do mixed cultures. With the staphylo- 
coccus, for example. Gratia and Jaumain^**® have seen mixed cultures on 
agar which were thick and opaque; others were discrete, like cultures of 
the streptococcus; some were rich in pigment, others poor; some grew 
with a homogeneous growth in bouillon, others gave a sedimented 
growth with a clear supernatant fluid. Apparently almost any type 
of growth may occur. 

We have just seen that in certain mixed cultures a perfect equilibrium 
is established. It is, however, rare that these mixed cultures in the form 
of agglutinated masses become indefinitely cultivable in bouillon in 
this form. Yet, I have preserved throughout a period of three years, 
with weekly transfers, such mixed cultures of B, dysentcriae and the 
bacteriophage and after this time the two antagonists were always 
present. The multiplication of bacteriophage corpuscles here is 
extremely slow\ 

One of these mixed cultures is centrifuged after about 100 passages. 
The sedimented material is washed several times with sterile bouillon. 
The bouillon of the sixth washing filtered through a candle contains no 
corpuscles, for when it is inoculated into a suspension of B, dyHenteriae 
bacteriophagy does not take place. A trace of the sedimented washed 
bacilli is implanted into bouillon. It is only after the fourth day that 
the inoculation of O.Oo cc. of fluid, freed of the agglutinated material by 
filtration, causes bacteriophagy wdth a suspension of normal dysentery 
bacilli. 

This is, how’^ever, an extreme case. When the resistance of the 
bacteria of a mixed culture is not as great corpuscles wdll be found in 
the liquid after a few hours. The higher the resistance of the bacteria 
of the mixed culture the slow^er is the multiplication of the bacteriophage 
corpuscles. 

* Gory^^* has obtained them regularly in working with a normal strain of B. coli 
and tap-water, which always contains a large number of bacteriophage corpus- 
cles virulent for this bacterium. After a number of passages in the media con- 
taining the sewage the transformation of B, coli into B. aerogenes or into a bac- 
terium which could not be distinguished from the latter took place. It would 
appear that the B. aerogenes resulted from a mutation of the B. coli subjected to 
the action of the bacteriophage. 
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A mixed culture results from the establishment of a state of equilib- 
rium between the virulence of the bacteriophage corpuscles and the 
resistance of the bacterium. In such cultures a true symbiosis obtains 
in the true sense of the word; parasitism balanced by the resistance 
to infection.* What is, in the last analysis, the mechanism leading to 
the formation of mixed cultures? If one inoculates into an ultrapure 
suspension of bacteria, which have acquired a refractory state, some 
bacteriophage corpuscles of low virulence or even of moderate or high, 
but not maximal, virulence these corpuscles are unable to parasitize 
the bacteria and are eliminated after a few passages. At different times 
I have even observed a complete destruction of the corpuscles by refrac- 
tory bacteria.^^^ This fact has been confirmed by Flu.®^^ Indeed, a 
destruction of the corpuscles must always occur when corpuscles having 
a virulence below the maximum value are combined with susceptible 
bacteria which have become refractory, for one may observe regularly, 
after a few hours, a greater or smaller reduction in the number of 
corpuscles. But it is only very infrequently that the destruction is 
complete. 

If the resistance of the bacterium is limited and the virulence of the 
bacteriophage is very high or maximum a fortiori bacteriophagy occurs 
and the bacteria are destroyed. 

If the resistance of the bacteria is balanced by the virulence of the 
corpuscles, and this is true w hatever may be their respective values j a 
symbiosis is established. We know that in a mixed cuBuie each bac- 
terium possesses its own more or less outspoken resistance, and in a 
similar way each bacteriophage corpuscle possesses its own peculiar 
virulence, more or less exalted, l^he more virulent corpuscles are able 
to parasitize the bacteria of least resistance; but the bacteria of the 
greatest resistance multiply even though the corpuscles have a very 
high vimlencc. There occurs, then, under these conditions a continual 
selection with the indefinite co-existence of the two antagonists. Such 
mixed cultures, symbiotic in nature, can be subcultured indefinitely. 

* The respective behaviour of the bacterium and the bacteriophage is exactly 
that of the seed of the orchid and of the fungus. Before the days of No6l Bernard 
we were not familar with the processes of germination in the orchids, but through 
his work we now know that fertilization takes place only when the i^ed is parasi- 
tized by a fungus. The fungus penetrates into the seed and one of three results 
may ensue. The resistance offered by the seed may overcome the virulence of the 
parasite and the latter is then destroyed, or the virulence of the fungus outweighs- 
the resistance of the seed and here the seed is destroyed, or finally, the virulence 
of the one and the resistance of the other balance, a symbiosis results, which in 
effect is a limited parasitism. 
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One finds by experiment that the stability of mixed cultures is the 
greater as the symbiosis is of longer duration. In the course of the 
first passages in symbiosis it is frequently found that the one or the 
other of the antagonists is overcome, either because the resistance and 
the virulence were not balanced or because changes in the experimental 
conditions favored one or the other. Without a modification in the 
growth conditions in the case of a mixed culture formed by a slightly 
virulent bacteriophage and a normal bacterium it is usually the bac- 
terium which survives. In the course of the subcultures the resistance 
of the more vigorous bacteri.a increases gradually, they survive and 
multiply. Sooner or later the corpuscles no longer find bacteria sus- 
ceptible to attack, or they cease to multiply because of the lack of sus- 
ceptible organisms, or they arc destroyed. In any case after a certain 
number of subcultures they become eliminated. 

Sometimes a perfect symbiosis develops and it is then permanent. 
When one finds that after a dozen subcultures (effected each time by 
introducing 0.001 cc. of the preceding mixed culture into 10 cc. of 
sterile bouillon) the symbiosis continues, it is rare that it can not be 
maintained indefinitely. Where the symbiosis is stable there is a 
perfect equilibrium between the virulence and the resistance. 

As we have seen such symbiotic cultures may occur whatever the 
absolute degrees of resistance and of virulence, provided the two are 
balanced. Wc will see the considerable importance of this fact, since it 
is not solely a test bibe experimental phenomena, but one which 
occurs also in nature.* 

* Arkwright” has claimed that from all cultures of intestinal bacilli it is 
possible to isolate upon ngetr colonics of diifcrent appearance, some susceptible 
to the bacteriophage, others resistant. The many experiments which I have 
carried out upon this subject warrant me in contradicting definitely such a state- 
ment. Indeed, the contribution of Arkwright is absolutely incomprehensible 
and it would seem that he has no idea of what is in reality the phenomenon of 
bacteriophagy. 

He says that among the strains of B. dysenteriae Shiga only those which de- 
velop in the sediment and agglutinate spontaneously in physiological saline arc 
susceptible to attack by the bacteriophage. I am perfectly ready to conduct a 
demonstration showing that all normal strains of B. dysenteriae Shiga arc sus- 
Ci^tible to aUack by any race of Shiga bacteriophage whatever having a high 
virulence; races whiph it is easy to isolate. By normal strains I mean those 
which prhaent the cbhracters assigned to Bacillus dysenteriae Shiga by the Society 
of America Bacteriologists. 

The rare strains naturally contaminated by a bacteriophage develop exactly 
in the form of sedimented growth. They are composed of resistant bacilli and 
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It is interesting to see what happens when one seeds symbiotic cul- 
tures into a suspension of susceptible bacteria or into pure suspensions 
of virulent corpuscles. When dealing with a mi?fed culture of co- 
existent bacteria of low resistance and corpuscles of low virulence the 
implantation of the mixed culture into a suspension of susceptible 
bacteria has no effect; the result is a mixed culture of the same nature. 
If, on the contrary, one inoculates a suspension of the bacteriophage into 
such a mixed culture everything depends' upon the degree of virulence. 
If the virulence of the corpuscles is very high or is maximum bacterio- 
phagy takes place; when the virulence is not high nothing is changed. 

In the case of mixed cultures where very virulent corpuscles and 
very resistant bacteria co-exist things take place differently. 

When a mixed, agglutinated culture is inoculated into a pure culture 
of the bacteriophage, that is, into a suspension previously inoculated 
and which has undergone complete dissolution, the growth consists of an 
agglutinated culture, just as though the inoculation had been made into 
fresh sterile bouillon. 

If some of the agglutinate, even if washed, is introduced into a sus- 

the bacteriophage and they are refractory to bacteriophagy. This is precisely 
contrary to the statements of Arkwright. Those occasional, naturally con- 
taminated strains arc, however, easy to purify. Ultrapure colonies from them 
give in subculture ultrapure cultures indefinitely, presenting upon agar but a 
single type of colony. After a number of transplantings, when the resistance 
to bactciiophagy has disappeared these ultrapure colonics show nil oi the charac- 
ters of normal strains and all of the colonies on agar arc susceptible to bac- 
teriophagy. 

In this same contribution Arkwright says that I have classified the Shiga 
dysentery bacilli as a homogeneous species as regards bacteriophagy but that my 
experiments contradict this statement for I have found strains which, when de- 
rived from the body, were refractory to bacteriopb.igy. Manifestly this author 
has not comprehended the difference ])etween natural resistance and acquired 
resistance. After a few passages in ultrapure culture the strains which were not 
attacked at the time of their recovery from the body because of a resistance 
acquired in the body become susceptible and subject to attack. As a matter of 
fact, such a resistant state is extremely rare insofar as the dysentery bacillus is 
concerned. But even if it occurred very frequently it would have nothing to 
do with the que stion of homogeneity. A species is homogeneous with reference 
to the bacteriophage when all of the strains presenting the chmetere of the 
species are siibiect to attack by any race whatever of a bacteriophage which is 
virulent for any strain whatever of this species. The only refractory strains of 
such a species are those which possess an acquired resistance, and this is lost by a 
series of transfers in ultrapure culture. They then undergo bacteriophagy in 
exactly the same manner as a susceptible strain. 
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pension of B. dysenteriae dissolution takes place and the suspension 
becomes perfectly clear within five or six hours. Four or five days later, 
however, the agglutinated masses begin to appear and gradually increase 
in size. The corpuscles contained in the agglutinate used as inoculum 
provoke the dissolution of the nonnal bacilli of the suspension, bacilli 
which are non-resistant, and then later the resistant agglutinated bacilli 
in their turn reproduce and the result is that which would have been 
secured had they been inoculated into fresh sterile bouillon. 

All stages intermediary between these two extremes may be obtained ; 
cloudy mixed cultures presenting the appearance of a normal bacterial 
culture where the equilibrium is essentially unstable: cultures in agglu- 
tinated form in the presence of a perfectly limpid fluid, representing a 
state of stable equilibrium. The medium may be more or less cloudy 
with the bacterial masses more or less compact, sometimes resembling a 
coagulura. The typo of the mixed culture bears a relationship to the 
virulence of the bacteriophage and to the resistance of the bacterium. 
Hence, the appearance of the mixed culture may be as variable as is the 
variability in the properties of the two organisms which are present. 

I have spoken above of mixed colonies on agar formed by very 
resistant bacteria and very virulent corpuscles. These colonies are 
small, mucous, and difficult to dissociate. 

Even when abundantly seeded upon agar these colonies never give 
a smooth layer of growth but always isolated colonies, more or less 
abundant, and always of variable size. Among the bacteria of the 
inoculum but few are able to form colonies. ITiere is always a state of 
unstable equilibrium between the two elements present: the bacterium 
with its resistance, and the bacteriophage with its virulence. The 
bacterium forms, or does not form, a colony according to the accidentel 
predominance of one or the other of these factors. This is especially 
to 1)6 observed when agar is seeded with the agglutinated masses, for 
however abundant may have been the planting only very rare isolated 
colonies, all of the mucous type, develop. 

The cultures secured by the inoculation of the mucous colonies on 
different media show the following reactions : 

In agar stabs: small lenticular colonies about the needle track. 

In gelatin: as in agar, the resistant bacteria remain alive and 
cultivable for at least eleven months. In the case of the Shiga dysen- 
tejy organisms this represents a viability at least ten times as great as 
tlwt of the nonnal bacillus. 

In gelatin stabs: laige oparme colonies with opaque centers. 
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On glycerin potato (prepared as for the cultivation of B. tuberculosis ) : 
very rare colonies on the potato, very abundant growth in the fluid at 
the bottom of the tube. 

In milk; no coagulation in ten days. 

In litmus milk: becomes a mauve color after two months. 

On coagulated serum: no growth. 

In neutral red ; no change in two months, either on agar or in bouillon. 

In litmus milk (Petruschky) : acid after ten days and remains acid. 

When the mucous colonics are suspended and heated to flO^C. they 
are not cultivable, for then the culture contains only the living very 
virulent corpuscles which are not killed until a temperature of about 
75°C. is reached. Reinoculated into bouillon, the refractile, mucous, 
mixed colonies yield two types of culture, (a) mixed cultures showing 
changes in turbidity, and (6) agglutinated cultures, which, as we know, 
always depend upon the degree of virulence of the bacteriophage and 
the capacity of resistance of the bacterium, factors which regulate the 
appearance of the culture. 

We have seen that if an agglutinate, taken from a mixed culture in 
stable equilibrium, is introduced into a suspension, a dissolution of the 
suspension is followed by a growth of the agglutinate. 'Fhe same thing 
transpires if an abundant seeding is made on tubes of slant agar having 
a growth of the Shiga bacillus. First, plaques appear, and then after 
three or four days a mucous colony develops in the center of each 
plaque. In both instances the bacteriophage acts upon the normal 
non-resisting bacteria and dissolves them, then the refractory bacilli 
multiply as they would have done on sterile agar or in bouUlon 
(d'Herelle**!). 

9. TUB CAITSB OB’ SECONDARY nrLTURES 

When a secondary culture in bouillon of any bacterium whatever is 
spread upon agar, the appearance of the agar after incubation may vary 
greatly, the aspect depending upon the virulence of the bacteriophage 
found in the secondary culture. When the bacteriophage is very 
virulent, transfers to agar usually remain sterile, in spite of the fact 
that the liquid medium may be cloudy and microscopically the material 
may show many bacterial forms. 

To what may we ascribe this lack of growth on agar when the 
resistant bacterium develops perfectly in bouiUon? We must admit 
that in a liquid medium the bacteriophage is inhibited, while upon agar 
it manifests its action. In other words, in bouillon the resistance of the 
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bacterium prevails, on agar, the virulence of the bacteriophage. But this 
inhibition on agar certainly has a cause. What is it? The thought that 
comes immediately to mind is that some products having an inhibitory 
effect upon the bacteriophage are liberated in the liquid, and that on 
agar, although they must necessarily be present also, they may diffuse 
into the substratum; they do not accumulate on the surface where the 
conflict between the bacteria and the bacteriophage corpuscles takes 
place. This hypothesis can be proved very readily, for if it is a correct 
explanation, it is only necessarj' to conduct the experiment in such a way 
that these products can not diffuse into the substratum. This should 
inhibit bacteriophagy on the solid medium, just as in bouillon. 

Spread 0.1 cc. of a secondary culture of B. dysenteriae which has devel- 
oped at 40°C. in spite of the presence of a bacteriophage of maximum 
virulence upon each of the following media: 

(a) Upon an agar layer, about 10 ram. in depth, in a deep Petri dish. 

(b) Upon an agar layer (same medium as the above) that is only 2 
to 3 mm. thick. 

(c) Upon another agar layer (again the same medium) that is only 
about 1 mm. in depth.* 

After incubation, we find that no colonies have appeared on the deep 
agar layer, that a few isolated colonies are on the agar of moderate 
depth, and that on the thin layer the colonies are confluent. 

The same results arc obtained if this experiment is performed with 
any other bacterium, the staphylococcus in particular. If, instead of 
taking secondary cultures which have developed despite the presence 
of a potent bacteriophage, secondary cultures conseciuent to bacteri- 
ophagy by races of strong or even moderate virulence are spread over 
the agar layers of different depths, a similar result will be obtained : A 
few colonies on the thick layer, many colonies on the agar of moderate 
thickness, a continuous layer of bacterial growth on the thin layer. 

Since in such experiments only the thickness of the substratum is 
varied, the only deduction is that the cause of the inhibition is some 
product which is effective if it remains in contact with the bacteriophage 
corpuscles. Furthermore, it is evident that the harmful action is most 
pronounced when its concentration is high. 

In the section dealing with “Bacteriophagy on Solid Media” I have 
demonstrated experimentally that although bacteriophagy does not 
take place on gelatin it is by no means because of the nature of the 

* To avoid rapid drying in the incubator, invert the plate, and place 1 or 2 
CO. of sterile water in the cover. 
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medium, but rather owing to the fact that the gelatin does not permit the 
diffusion of the products formed during bacteriophagy, products which 
inhibit the action of the bacteriophage. 

If we repeat these experiments by spreading a drop of a secondary 
culture over the surface of (a) a gelatin medium (bouillon containing 
15 per cent gelatin), and (b) the same gelatin medium spread out in a 
thin layer over a substratum of agar, we will find that after incubation 
at 22°C. the gelatin is covered by a continuous bacterial layer composed 
of a mixed culture — resistant bacteria-virulent bacteriophage cor- 
puscles. Upon the thin layer of gelatin spread over the agar there will 
be, either no colonies at all, or only isolated colonies, depending upon 
the virulence of the bacteriophage. Here again, this result can be 
explained only as a result of the concentration at the surface of the first 
medium of products inhibiting the action of the bacteriophage. In the 
second medium these products diffuse into the deep substratum. 

It seems to me that these experiments leave no doubt but that 
l)roducts inhibiting the action of the bacteriophage are formed during 
bacteriophagy, and that these products are, in the last analysis, the 
cause of secondaiy cultures. 

What is the origin of these inhibiting substances? Certainly they 
are not products resulting from the normal metabolism of the bacteria, 
for bacteriophagy takes place norrmtlly in filtrates of old cultures. 
This being tme it must be that these substances are secreted by the 
bacteria in their reaction to the bacteriophage. They are then true 
bacterial immune substances. A bacteriophage is, indeed, most highly 
virulent when it resists the action of these inhibiting substances. 

The degree pf virulence of a bacteriophage corpuscle for a given 
bacterium represents, therefore, two factors, one being an ability to 
multiply at the expense of the substance of this bacterium, the other, 
its power to resist the action of the inhibiting substances secreted by 
the bacterium which is reacting to its action. 

10. THE RESISTANT BACTERIUM 

It 5s necessary first of all to point out the difference between a 
resistance acquired to the action of the bacteriophage and the natural 
resistance possessed by a bacterial strain. We are concerned here with 
acquired resistance only. It may be stated, however, that the natural 
resistance which occurs in a bacterium belonging to a heterogeneous 
species is not characterized by any peculiar sign. Such a bacterium is 
normal both morphologically and in its biological properties. As for 
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bacteria possessing an acquired resistance it is necessary to differentiate 
the case where the resistance is active, that is to say, where it manifests 
itself in the presence of a bacteriophage, from a latent resistance, a 
resistance transmitted through inheritance in the absence of bacterio- 
phage. We already know that a latent resistance is gradually lost. 

The acquisition of resistance by a bacterium is accompanied by 
various biological modifications and these modifications are, indeed, 
the more out-spoken as the degree of resistance is increased. The loss 
of resistance is accompanied by a return to the usual form and to 
normal properties. 

The most constant change shown by a bacterium in a state of active or 
latent resistance is a loss in a^lutinability with specific antisera 
(d'Herelle*'*). The loss of ag^^lutinability seems to be related to the 
degree of acquired resistance, for the refractory state is accompanied by 
a complete inagglutinability and there is only a diminution if the resist- 
ance is partial. I have shown that such a loss or reduction in agglutin- 
ability occurs with the following bacteria when they are refractory or 
resistant: B. dysenterine Shiga, Flexner, or Hiss, B. coU, B. typhosus, 
B. gallinarum and B. pestis. 

This loss in agglutinability correlative with the acquisition of resist- 
ance has been shown by several others who have studied this question. 
I might mention Gratia in particular® “ for he has tested the agglutin- 
ability of different strains of B. coli presenting different degrees of 
resistance.* 

I have shown that typhoid bacilli which are inagglutinable when 
derived from the patient are also casistant to the action of the bacterio- 
phage, which later attacks them when, after a series of passages 
agglutinability is restored.®®^ 

The vitality of bacteria in a state of active resistance is a great deal 
higher than that of normal bacteria. For example, the Shiga dysenteiy 
bacillus has a relatively low vitality (there are few strains which may be 
subcultured after a month; of the many cultures with which I have 
worked none could be transplanted after two months on agar) but the 
small, mucous, mixed colonies can be transplanted successfully after 
18 months, the tube being sealed during the interval with a rubber 
stopper. 

Bordet and Ciuca® ' have shown that a resistant B. coli does not 
produce the change in color of neutral red, that it is less readily phago- 
cytized than the B, coli of the same normal strain and that its virulence 

* The table given by Gratia appears later in this section. 
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for laboratory animals is higher. Gratia^* h^ noted the same thing. 
Davison^” has shown that a resistant Shiga dysentery bacillus kills 
rabbits in a quantity one-fifth of that required with susceptible bacteria 
of the same strain. Insofar as B. pestis is concerned, working with 
a slightly virulent strain recently isolated from a bubo in a benign case, 
I have shown that while with the susceptible strain it was necessary to 
inject 0.1 cc. of a 24-hour bouillon culture in order to kill a guinea-pig 
of 400 grams in 52 to 58 hours, a dose of 0.0002 cc. of bacilli of the same 
origin, but rendered experimentally refractory to the action of a very 
virulent bacteriophage, regularly caused death in 46 to 50 hours. 

It is, however, quite important to boar in mind that all of these new 
characters associated with the acquisition of resistance to the bacterio- 
phage by a bacterium are not uniformly distributed among the different 
colonies derived from a single secondary culture. This is particularly 
true as regards the loss of agglutinability and the increase in virulence. 
For example, with B. pestis (taken as an illustration because of its high 
virulence for laboratory animals), associated with colonies of increased 
virulence I have found others completely avirulent. We are not dealing, 
therefore, with an absolute rule. What actually happens is that through 
the influence of the resistance to the bacteriophage sudden mutations 
occur. These arc almost always of a temporary nature, disappearing 
when the resistance is lost. But sometimes they are irreversible, as 
we will see. These mutations do not involve all of the characters of 
the bacterium, but only a certain number of them, varjdug from one 
bacterium to another, even in a single culture. With one bacterium the 
character “agglutinability” will be modified, with another, the character 
“virulence,” and with a third, both of these will be changed at the snmp 
time. All that may be predicted is that, usually, there is a reduction in 
aj^lutinability and an increase in virulence. 

The changes in the bacterium endowed with an acquired resistance 
extend to its morphology also. The bacilli frequently assume a cocco- 
bacillary form ; they may even take the coccus form. The loss of resist- 
ance is accompanied by a return to normal form. I have obtained this 
reversion on several occasions, with resistant colonies constituted 
solely in the beginning of cocci, as is shown by the following experiment: 

A Petri dish is heavily seeded from an agar culture of B. dysenteriae 
and is placed in the incubator at 37°C. for about four hours. A drop of 
the bacteriophage filtrate is then placed in the centre of the plate. The 
race of bacteriophage should be one of average activity, that is, one 
capable of regularly causing complete dissolution of a bacterial suspen- 
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sion but with which secondary cultures usually develop. (With too 
virulent a race the area where the drop was placed remains sterile 
indefinitely.) The plate is returned to the incubator. After eighteen 
to twenty-four hours a layer of culture composed of normal dysentery 
bacilli develops, showing in the centre a spot devoid of growth, appar- 
ently sterile. After thirty-six to forty-eight hours, the spot becomes 
covered with extremely fine colonies, which, when examibed micro- 
scopically are composed of cocci only. These cocci are of different 
sizes, from 1 to 4 /u in diameter, arranged in irregular forms; — in diplo- 
and in tetrad groupings. Two days later microscopic examination still 
shows cocci, but among them are bacillary fonns in great number. 
Subcultures on to agar always give isolated colonies, each cblony always 
reproducing with the same appearance and with the same seciuence of 
forms, — first a coccoid culture, then a mixture of cocci and bacilli. 
These cultures always contain, moreover, bacteriophage corpuscles. 

I have not been able to determine the conditions leading to the fonna- 
tion of these colonics made up solely of the coccus forms. Coccoid 
organisms are ahvays to be found in mixed colonies, that is to say, in 
cultures where the bacilli are in a state of active resistance. 'Phis 
renders it certain that a state of resistance contributes one of the factors. 
But the appearance of those very fine colonies formed entirely at the 
beginning, of cocci is not constant, indeed, it is rare. Therefore there 
must be another unknown factor. This unknown factor does not 
reside in a distinctive property of certain races of the bacteriophage or 
in certain strains of bacilli for the appearance of these colonies is not 
constant with a given race or with a given strain, even if one works 
under conditions which appear to be identical.* 

There is, however, one other modification, a fixed mutation for which 
it has thus far been impossible to control the cpnditions determining its 
appearance. There also, a resistance is one of the conditions, but them 
are others, for the occurrence of this mutation is very irregular even if 
one works under conditions which appear to be uniform. This is the 

* I have observed’®^ another form of colony, formed only of cocci, but ullra- 
pure. The coccus form is here permanent, maintaining itself through passage on 
agar or in bouillon. I have obtained colonies of this typo only about 20 times, and 
always with secondary cultures transplanted on agar, the tube being sealed. 
They appear in from 2 to C weeks at laboratory temperature, growing very slowly, 
and attain a diameter of 10 to 12 mm. after a year. They are always situated 
at the top of the agar slant. It would appear that they are a fixed mutation. I 
have observed them in mixed cultures on agar of B. dysentcriae, B. typhosus, and 
B. eoH. 
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transformation which a colon bacillus subjected to the action of a bac- 
teriophage sometimes undergoes. It was noted first by Bordet and 
Ciuca.“ The growth is dense, shining, and even fluent. I have shown 
that this is a true mutation of B. coli into B. aerogenes and it is impossible 
to dist inguis h such cultures from those of typical bacilli of this species. 
They have the same morphology, the same growth characteristics, 
and give characteristic fermentative reactions. Moreover, Gratia*®* 
has shown that cultures of this type are ultrapure. Here is, 
then a mutation, effected through the action of the bacteriophage, 
which persists after the elimination of the latter. It seems to be 
permanent. 

TABIJE 19 
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O = Original undifferentiated culture. 

In the fifth column is expressed tlie tendency to assume the mucoid form when 
exposed to a Coli-bacteriophage. 


With regard to mutations of B, coli occurring under the action of the 
bacteriophage. Gratia,*®* has succeeded in isolating 10 different strains 
derived from a single culture of B, coli.* Table 19, taken from the paper 
of Gratia, gives the characteristics of those mutations. 

Table 20 summarizes the experiments of Gratia*®* on the crossed 
agglutination of these different mutations w'hen subjected to the action 
of three antisera prepared by the injection of rabbits with strains 
“Original,” “S” and “R.” 

* This history of this strain is interesting. It came from my collection and was 
given to Ciuca during my absence in Indo-China. It was a mixed culture (a 
transplant on agar of a secondary culture). The strain was originally derived 
from a B, coli maintained among the stock cultures of the Pasteur Institute. 
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These mutations of B.eoli have been studied quite extensively, thanks 
to the work of Bordet, and of Gratia especially. It is certain that a 
study of the mutations of other bacterial species brought about through 
the action of the bacteriophage wiU reveal many surprising things. It 
is, indeed, probable, as various investigators have suggested, that all 
of the fixed mutations occurring among bacterial species are produced 
through the action of the bacteriophage.* 

The formation of a capsule thiough the action of the bacteriophage 
appears to be a most constant phenomenon accompanying the state of 
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high resistance to the bacteriopliage. It is particularly clear-cut in 
the bacteria composing the small mixed colonies which can be observed 
after spreading upon agar a secondary culture in which very virulent 
corpuscles and very resistant bacteria co-exist (d’Herelle) The capsule 

usually disappears in the first transplant in the ultrapure colonies. 
However, it appears that under conditions not yet known a stable muta- 

• We must not forget to mention the kindly and too little known No6l Bernard 
when the question of mutations occurring because of symbiosis are considered, 
that is to say, when they occur through the effects of a mitigated parasitism. 
This scientist has shown that in the plants symbiosis is the primary cause of 
fixed mutations. 
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tion may occur and that the formation of a mucous capsule may become 
a permanent characteristic, as is indicated by the experiments of Bordet 
and Ciuca, and by those of Gratia, who have obtained ultrapure strains 
of B. coli cultivable indefinitely as B. aerogenes. 

But here is another experiment which tends to show that under the 
action of bacteriophage a mutation of another type may occur. 

Flu®*^ has kept in his stock cultures a bacillus (KB) isolated from a 
patient with sprue. This bacillus presents all of the characters of a 
Flexner dysentery organism, except in the matter of its agglutinability 
with anti-Flexner sera. That it is actually an inagglutinable Flexner 
bacillus is shown by its absorption of the corresponding agglutinins, 
by the fixation reaction, and by its agglutinogenic character. A scrum 
prepared with this organism agglutinated different strains of B. dyseti- 
teriae Flexner in a dilution of 1 : 7000 but the serum remained inert upon 
the KB bacillus itself. 

Flu then found that this bacillus is completely refractory to the action 
of a Flexner-bacteriophage although the Flc.\ner dysentery bacilli are a 
homogeneous species and although the races of the bacteriophage 
against which the KB bacillus proved to be refractory, caused, neverthe- 
less, bacteriophagy with various normal strains among the cultures of 
Flu.* 

Here is, then, an abnorvml strain of the Flexner bacillus (a species 
which is homogeneous), endowed with the refractory state toward the 
bacteriophage and this refractory state is due to the fact tbn<^ the proto- 
plasm of this bacterium destroys bacteriophage eoipusclcs. It has, 
then, a true immunity. It is very probable that this refractory state 
was acipiiredt in the body of the patient. Ordinarily in the absence of 
virulent bacteiiophage corpuscles the refractoiy state is gradually lost. 
In the case bt bacillus “KB” it appears that a fixed mutation has 
occurred, the refractory state being permanent in the absence of the 
bacteriophage. If the fact of such a mutation, here probable, but 
obviously subject to discussion, were experimentally demonstrable 
beyond all possible doubt, it would be of considerable importance in 

•This is tie bacillus “KB” of which we have already spoken with regard to 
destruction of the bacteriophage corpuscles in the bacterial protoplasm. Flu 
has been able to show that this refractory bacillus “phagoey tizes” the corpuscles. 

1 1 have isolated from a patient a Flexner bacilhis which was refractory to the 
bacteriophage and inagglutinable, but in this case the refractory state gradually 
diminished during cultivation in the absence of the bacteriophage. 
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biology, not only from the point of view of bacteriophagy, but especially 
in that it would show a possible origin of a natural immunity.* 

Bacterial metabolism is also profoundly modified by the acquisition 
of resistance, and as a nile the reestablishment of the original metabo- 
lism coincides with the loss in resistance, but here also fixed mutations 
may occur. 

It has already appeared from the preceding section that such 
changes take place in mixed cultures, a condition due, as a matter of 
fcTct, to resistant bacteria. 

Here again it is a case of repealing what has already been said with 
regard to the agglutinability and the virulence of resistant bacteria. 
Changes in the metabolism can not be precisely described, for they vary 
from one baclorium to another, even in a single culture of resistant 
bacteria, rrom the beginning of my studies I have been interested in 
ascertaining the fermentative characteristics of Shiga dysentery bacilli 
resistant to llie bacteriophage, but despite some hundreds of tests this 
has been impossible, for every colony developing from seeding a mi.\ed 
culture on agar shows different fermentation reactions. 

Very recotitly i'ejgin'®® has described 3 different strains isolated from 
a single mixed culture of Shiga bacilli. These three strains possessed 
the following cliaracters: 

Strain 1. The fermentation reactions were those of B. dysenteriae 
Bhiga. Inagglutinable with an anti-Shiga serum. The homologous 
antiserum sgglulinated the Shiga bacillus, but not its own strain. 

Strain 2. Ik'niiontation, with no gas production, takes place in 
glucose, maltose and mannite. A Shiga antiserum agglutinates the 
organism to a litre of 1 ;800, and this semm also agglutinates its homol- 
ogous strain. 

Strain 3. A\’ith this strain fermentation, with gas formation, occurs 
in lactose, glucose, maltose, arabino.se, levulose, mannite, and dulcite. 
It is agglutinated to a litre of 1:1(500 by an.ariti-Shiga serum and by its 
homologous scrum. 

In brief, then, we have as mutations, first, an inagglutinable Shiga 
bacillus, second, a Flexner bacillus, and third, a colon strain which does 

* For example, the -\lgcrian sheep are refractory to spont.T.noou.s .anthrax. 
This, also, must he a fixed mutation produced through the effects of the para- 
site, B. anthracis. If all sheep could enjoy the same immunity we would say that 
the sheep species is naturally refractory to anthrax and that we had here an 
acquired immunity transformed into a natural immunity as the result of the 
mutation. 



RESISTANCE OF BACTERIA 


225 


not produce indoL This third strain, as a matter of fact, aside from its 
fennentation reactions, changes a neutral red medium to a canary 
yellow, coagulates milk, reddens litmus milk veiy strongly, but does not 
produce indol. 

Fejgin has isolated similar strains from the stools of patients, showing 
particularly the same agglutinative characters. 

Tlxis work is of the greatest interest, but it is not a question of the 
possibility of isolating three strains from a mixed Shiga-bacteriophage 
culture; there are thousands. All of the characters of the Shiga species 
(and it is the same for any bacterium whatever) form, one might say, a 
‘‘puzzle” of which each of the fragments represents a character capable 
of voiying from zero to infinity. The character “glucose fermentation” 
may be zero or it may be an energetic fermentation with gas, or it may 
be an intermediate stage. The “agglutinability” character may be 
anywhere from zero to a til re of 1 : 50,000, or even higher. The charac- 
ter “toxicity” may lie anywhere between zero and a high potency. The 
character “form” extends from coccus to bacillus. And the same 
possibility for variation exists with respect to each character. But 
experiment shows that through the influence of the bacteriophage, each 
of these characters may be changed independently of the others. Con- 
sequently the number of possible mutations is, in reality, unlimited, and 
although the tendency for certain changes is undoubtedly far greater 
than for others, it seems 1 hat a very great many are possible. 

It may be added, with reference to the staphylococcus. +hat when a 
mixed culture, grown out at a temperature of in spite of the pres- 

ence of a bacteriophage of maximum activity, is planted in gelatin no 
liquefaction occurs. From this it appears that a staphylococcus w-ith 
a maximum resistance no longer secretes a proteolytic enzyme. In 
addition the capacity to produce pigment is h'st. 

Biologists who have not kept in touch with the new facts disclosed by 
our knowledge of bacteriophagy may well be astonished at these state- 
ments, and they may even remain somewhat skeptical. But the experi- 
mental procedure is so extremely simple that they can readily become 
convinced of the truth of all these statements. Moreover, a deeper 
study of th(‘=?e mutations is sure to completely revise our present concept 
of the fixity of species. 

In summary, then, the most important fact to be derived from all of 
these studies is that, exposed to the action of the bacteriophage, bacteria 
undergo mutations, usually unstable ones, but that these may become 
fixed under conditions as yet, undetermined. These mutations are asso- 
ciated with a state of resisiance acquired by the bacteria. 
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We have seen in a previous chapter that the first phase of bacteri- 
ophagy consists in the fixation of bacteriophage corpuscles to the bac- 
terium. Fixation takes place in the same way with bacteria which have 
acQuired a rofractor>^ state (Flu).^^^ 

11. ULTRABACTERIA 

Working with a Coli-bacteriophage Izar^ ^ has seen that ^‘if the clear 
liquid obtained by filtering a culture of B, voli dissolved under the action 
of the bacteriophage is seeded in bouillon or upon agar immediately 
after filtralion it does not cause either turbidity or growth if it is pro- 
tected from the air in sterile tubes which are completely filled and scaled 
in the flame. But if the filtrate is held in sterile tubes closed with 
cotton or in tubes which are only partly filled, in many cases coccobacilli 
develop after a period varying from 48 hours to 11 days.’' 

I also have found that suspensions obtained by the filtration, through 
Chamberland Lo or La candles, of bacteriophage suspensions of B. 
dysenteriae Shiga, Flexner, or //m, of B. lyphosm, of B. pestis, of B, 
gallmarum and of JS. coU may become cloudy again. The period of 
time required for the appearance of this phenomenon varies and I have 
found that the cause of the turbidity is the growth of resistant bacteria. 
This obseivation is recorded in a note appearing in the first edition of 
the ^^Bacteriophage.” It reads as follows: 

The fnllowins suggests that under the influence of the bacteriophage non- 
spore-forining bacteria may give rise to filterable forms. I have noted, although 
rarely, that a filtrate obtained by passing a secondary culture through a Cham- 
berland bougie (La and even L3) ])ecomes turbid after some days. Each time 
that this lijis been noted the turbidity has been due to- the growth of a resistant 
bacterium such as was present in the secondary culture prior to the filtration. 
The conditions under which this phenomenon occurs have rfbt been ascertained 
thus the observation is simply mentioned without emphasis being placed on its 
interpretation. 

In what follows I shall term these filtrable forms of bacteria ^^ultra- 
bacteria.” 

Tomasclli®®^ has studied the conditions leading fu the appearance of 
these ultrabacteria and has made an important contribution to our 
knowledge of this curious i)henomenon. 

He has shown that the dilliculty which is sometimes experienced in 
increasing the virulence of a bacteriophage for certain bacterial strains 
is due to the fact that resistant ultrabactcria pass through the candle. 

We have seen, as a matter of fact, the mechanism of the increase in 
virulence of the bacteriophage. Corpuscles having a weak virulence 
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for a given organism are introduced into a suspension of these bacteria. 
A double phenomenon occurs. The corpuscles, as the result of the 
passages from bacterium to bacterium increase in virulence, but certain 
particularly apt bacteria resist and serve as the origin of resistant lines. 
The elimination of such organisms is what makes it necessary to filter 
through a candle between each of the passages from suspension to 
suspension of susceptible organisms. One may observe very frequently, 
however, that the virulence of the corpuscles, after starting to increase, 
becomes fixed in spite of multiple passages and Tomaselli has shown 
that in these cases precisely, a production of filterable forms of ultra- 
bacteria leads to the development of normal resistant forms. From this 
one can see that filtration through a candle is of no avail. Both the 
bacteriophage corpuscles and the ultrabacteria pass through, and the 
latter, developing in the following passage yield resistant bacteria. 

The importance of this phenomenon warrants inserting here a sum- 
mary of the experiments of Tomaselli. lie worked with a Coli-bacterio- 
phage in combination with 5 strains of li. coli. He showed that at the 
beginning, before any passages were made, the virulence of this race for 
these different strains was as follows; - weak (+ ) for strains 1, 2, and 3; 
moderate (++) for strains 4 and 5. Invariably the filtrates obtained 
after the bacteriophagy of strains 3 and 4 again became turbid, while on 
the contrary, the filtrates from 1, 2, and 5 remained clear indefinitely. 

With this bacteriophage he carried out serial passages with each of 
these strains, following the usual method, that is to say, inoculation 
of the filtmtc into a suspension of normal bacteria aud filtration through 
a candle after 24 hours. The passages were continued without inter- 
ruption up to a point where the virulence ceased to increase. He 
obtained thus a maximal increase +) for strains 1 and 2; a 

moderate virulence (++) for strains 3 and 5; while the virulence rc- 
mamed weak (-j-) for strain 4. 

After each passage the filtrates obtained with strains 3 and 4 became 
turbid after some time, meaning that with these two strains ultra- 
bacteria formed. 

In further experiments Tomaselli sought to determine whether the 
formation of ultrabacteria was limited as to time. He found that they 
no longer formed when the corpuscles and the bacteria had remained 
m contact for about 20 days. As a matter of fact, if, instead of filtering 
the suspension where bacteriophagy had taken place 24 hours after the 
inoculation of the bacteriophage, he permitted the contact to be pro- 
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longed and filtered samples after 5, 10, 15, and 20 days,* the filtrates 
obtained after 5 and 10 days always contained ultrabacteria, those 
filtrates prepared after 15 days somciiines contained them, while those 
filtered after 20 da}'s never contained them. 

Instead of making passages every 24 hours one has only to filter the 
suspensions which have resulted from bacteriophagy after 20 days. The 
result is that which has been described. From the first passages the 
virulence of the bacteriophage for strain 4, from weak (+) becomes 
maximal (+ + + +). The same result is obtained for strain 5 after 
3 passages. 

It must be then the passage through the filter of resistant ultrabactcria 
which interferes with the increase in virulence. 

As for strain 5, although the passages had been carried out under the 
same conditions, the virulence of the bacteriophage could not be in- 
creased to its n\aximuin, nor could Tomaselli demonstrate the formation 
of ultrabacteria with this strain. 

Tomaselli has demonstrated the same facts with B. dysentariae Shiga 
and Flexner, 

Aside from the conclusions wliich this author has drawn from his 
experiments concerning the increase in the virulence of the bacteriophage 
the following may be stated : 1 . The formation of ultrabacteria takes 
place especially through the action of bacteriophages leaving a weak 
virulence. ?. Not all of the strains of a single bacterial species 
possess the same faculty of assuming the ultrabacterial form. S, The 
vitality of tlie ultrabacteria (at least insofar as bacteria of the colon- 
typhoid-dyseniery group arc concerned) is relatively weak. They do 
not remain ^’iablc for more than 15 to 20 days. 

Ilauduro} lias also observed the formation of resistant ultra- 
bacteria in connection with the bacteriophagy of B. dijsenteriae, 
typhosufi, and B, coli. He has noted the frequency with which it occurs 
under the aci.ion of bacteriophage races of relatively low vimlonce. 
He has found that in the filtrates the ultrabacteria do not appear to be 
very numerous, for in distributing 200 c< 5 . of a filtrate among 20 tubes 
with 10 cc. to each tube he has observed the appearance of cultures in 
only some of the tubes. 

Let us note, however, that it is just as easy to believe that the ultra- 
bacteria may be very aljundant in the filtrates but that only a very few 

* lie did not prolong the contact beyond this for he found that the attenuation 
of the bacteriophage through c(»ritact with the resistant bacteria was then very 
pronounced. 
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of them are capable of regaining a normal, visible form under the 
conditions of the experiment. Certain observations which I have made 
incline me to accept this last hypothesis. 

However this may be, Hauduroy has studied the morphology and the 
characters of the resistant bacteria derived from these ultrabacteria. 

In bacteriophage suspensions filtered through a candle the cultures 
may assume one of two forms. In both cases the turbidity is at first 
very slight, resembling rather an opalescence similar to that of an egg- 
white suspension, but in a certain number of cases the turbidity 
gradually increases up to the appearance of the clouding which one 
observes in normal cultures of bouillon. In other cases the medium 
clears and one may observe the appearance of small and large 
agglutinates. 

I have proved that these two aspects correspond to a difference in 
virulence and as a result to differences in the resistance of the bacteria 
derived from the ultrabacteria. In the first case the bacteriophage is 
always of relatively low virulence, whereas wdien agglutinates form, the 
virulence of the bacteriophage is very high. 

Hauduroy has followed with the microscope the formation of these 
cultures. His conclusions on this subject may be quoted. 

To these dilTerent mficroscopic appearances there are corresponding micro- 
scopic peculiarities. The tubes which have a homogeneous turbidity of the 
‘'egg-white type” contain minute granules which do not take the Gram stain. 
They arc very abundant; isolated, or arranged as on a filament which may at 
times be seen. There are occasional bacilli which do not taVij the Gram stain. 
There are masses without definite structure of variable size, having a mucous 
character and in which granules can be detected. In tubes containing the agglu- 
tinates we may also findgranules which do not stain with the Gram stain. They 
are very fine, extremely numerous and are found in masses which appear to be 
formed of a reticulum containing granules and very bacilli. 

These elements are living. They may, as a matter of fact, reproduce and give 
birth to elements comparable to themselves or to typical dysentery bacilli. 

The cultural characters and the biochemical reactions of these elements are 
ordinarily different from those of 4^he Shiga bacilli from which they are derived. 
Several more or less distinctive .types can be differentiated, which might be 
characterized as follows; 1. Elements, which, as a rule, may be readily trans- 
planted serially into the usual liquid media and yield there either homogeneous 
cultures, or agglutinated cultures, or a sedimented culture which can be removed 
from the bottom of the tube only by shaking. At times these cultures do not 
appear until alter several days' incubation at 37®C. 2. These elements can be 
cultivated only exceptionally on solid media under aerobic conditions. After 
many attempts 1 obtained once a growth on ordinary agar slants, and once a 
culture on lactose agar. S, The fermentation reactions of these elements are, 
as a rulCf different from those of the normal Shiga bacillus. They may have a 



230 


HIE BACTBBIOPHAGE AND ITS BEHAVIOB 


well developed fermentative power producing gas but they do not give indol and 
do not change the color of litmus lactose agar. After a few transplants one 
finds cither a return to the typical reactions or a persistence of the abnormal 
characters. The sugar fermentation reactions can be observed only by im- 
planting the sediment into sugar-containing agar and it sometimes requires 
three or four days for the fermentation to reach its maximum. 

The morphological characters of the elements which form secondary cultures 
after filtration may persist throughout a scries of transplants. The elements 
are comparable to those which have been described above: isolated granules, 
masses supported on a network, occ.asional bacilli, etc. In certain cases there is 
a return to the bacillary form. 

To summame all this, the granules described by Hauduroy are 
certainly the coccus forms such as I have observed in a simple secondary 
culture and of which I have spoken in preceding paragraphs. It is, in 
fact, certain that in ordinarj' secondaiy cultures obtained after complete 
bacteriophagy, the formation of ullrabacteria takes place in the same 
manner as in the filtrates. It is even probable that all secondary cul- 
tures developing after a complete bacteriophagy with a total clearing 
of the medium result from the formation of ultrabacteria which then 
reproduce in the form of cocci and later pass into the normal fonn. 

In reality, what are these ultrabacteria? In the second part of this 
text I will give the hypothesis which I have formed'^® and which seems 
to me to be the only one to accord with the facts. At the moment I 
will only state that I have shown these filterable bacterial forms to be 
ultra-filterable, that is, they pass through collodion filters®'*® provided 
the pores are sufficiently open to allow the serum albumin micella to 
pass. Their dimension is, therefore, that of a protein micella. This 
renders it apparent that the filterable forms of bacteria which de- 
velop through the influence of the bacteriophage arc in reality ultra- 
viruses of the same size as those of variola, of encephalitis lethargica, or 
of rabies. We will see later the importance of the fact that there are 
ultrabacteria. 


12 . NATURAL MIXED CULTURES 

Bacteriophagy is a phenomenon occurring imder natural conditions. 
We wiU see that the bacteriophage is a normal inhabitant of the intes- 
tinal tract throughout the animal series from the insects up through 
man. It is found in everything which is exposed to contamination by 
excreta; in the water of rivers and of the sea, in the soil and in the dust. 
Within the animal it does not remain confined to the intestine but it 
may pass into the circulation and through this channel it may be con- 
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veyed into any region of the body whatsoever. It may be found in 
plants, for in the nodules of leguminous plants the nitrifying bacteria 
are not in pure culture but in a culture mixed with the bacteriophage. 
None of the bacteria are necessarily protected from the bacteriophage. 
Wherever the bacterium may be found the bacteriophage intervenes 
and a struggle takes place. But the bacteria resist and symbiotic 
cultures or mixed cultures result. Without treating at length all of 
these facts, which will not be emphasized here, it may be well to remark 
that the fact that mixed cultures are found among laboratory stock 
cultures is not particularly incomprehensible. 

We know that unless the bacteriophage possesses a maximum viru- 
lence the formation of secondary cultures after bacteriophagy is the 
usual thing. It would be indeed strange if this were not also true 
under natural conditions. To assert the contrary would be to affirm 
that bacteriophagy is solely a laboratory phenomenon. If we trans- 
plant on to agar an artificial mixed culture we know that certain colonies 
are ultrapure, while others, more or less numerous, are contaminated by 
a bacteriophage. If the secondary culture forms in nature, by starting 
with any natural product whatever and culturing this on agar we 
should obtain both ultrapure colonies and mixed colonies. Trans- 
planting one of these ultrapure colonies the strain isolated will remain 
ultrapure indefinitely, but if by chance we select for transplanting 
a mixed colony the strain may perpetuate itself in the form of a mixed 
culture contaminated by bacteriophage corpuscles. 

I have said “may perpetuate” for experiment shows that a mixed 
culture prepared artificially frequently undergoes an auto-purification 
through the elimination of the bacteriophage corpuscles in the course of 
successive transfers.' The same thing certainly takes place with 
naturally mixed strains and I have noted upon two different occasions a 
purification of this type during the series of transplants. Both of these 
instances occurred with two strains of B. coli isolated from cases of 
cystitis. It would seem that if this ultrapurifipation by alimiTmtinTi 
did not take place the number of mixed strains to be found in labora- 
tories would be far greater than it actually is. 

Let us bear in mind that it may be very difficult to prove whether a 
bacterial strain is ultrapure or contaminated. Experiments on artificial 
mixed cultures show that after a certain number of transfers there is 
not only no further elimination of corpuscles, but a perfect equilibrium 
is established between the capacities of the two antagonists to attack and 
to react. No plaques are to be found on agar and the appearance of 
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the culture in a liquid medium hardly differs from that of ultrapure 
cultures of bacteria of the same species. When dealing with bacteria 
belonging to a homogeneous species it is easy to prove ultrapurity, for 
it is only necessary to filter a bouillon culture of the bacterial strain in 
question and to combine this filtrate with a normal organism of the 
same bacterial species. If bacteriophagy takes place. the culture is an 
artificially mixed one; if it docs not, the strain is ceiiainly ultrapure. 
But with regard to bacterial strains belonging to heterogeneous species 
the proof may be far more difficult, although we will see that it is still 
possible. 

Gildomeister seems to have been the first to notice that certain strains 
of intestinal bacteria might give, on agar, abnormal colonies ^which he 
termed “Flattenformen,” — of variable aspect. He noticed that 
subcultures made by the isolated colony method from such “Flatten- 
formen” gave colonics of different appearances. lie concluded that 
certain strains of intestinal bacilli were subject to mutations, without, 
however, recognizing that these mutations took place through the 
influence of a principle separable from the bacterium. 

Bail"*® has succeeded in isolating bacteriophages from 3 strains of 
Flexner dysentciy bacilli. 

Moreover I have observed that in certain cases of cystitis the blad- 
der contains, not a pure culture of B. coli, but a mixed culture com- 
posed of resistant B. coli and a bacteriophage. Platings of the urine 
upon agar yield ultrapure colonies and mixed colonies from which it is 
possible to isolate a bacleriophage.®®’ 

Otto and Munter,‘‘®® Weinberg and Aznar®*® and Seiffert®®® have also 
isolated bacteriophages from different strains of intestinal bacilli, but 
these authors have attempted to generalize and have affirmed that all 
bacterial strains contain a dissolving principle. Jdtten®“ has expressed 
the same opinion although he admits that “the experiment is not always 
successful.” As for Gildemeister and Hcrzbei'g*®* they admit that many 
strains appear to be free of bacteriophage but they suggest the hy- 
pothesis that when filtrates of old cultures appear to be free of all “lyso- 
genic” action this must be because they are not acting upon a susceptible 
bacterium. If all bacterial species were heterogeneous with regard to 
the bacteriophage such an hypothesis would be open to discussion but 
the existence of homogeneous species obviously renders it inadmissible. 
If we take a secondary culture or a mixed culture of dysentery bacilli 
and filter it through a candle and then combine the filtrate with a nonnal 
strain of any B. dysenteriae whatsoever, bacteriophagy takes place. 
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If the hypothesis of Gildemeister were correct, that is to say, if all 
bacterial strains contained a “lytic principle” it would only be necessary 
to introduce a filtrate of any old culture of Shiga bacilli whatsoever 
into a suspension of young bacilli in order to bring about bacteriophagy. 
But this is not the case. Indeed, the fact that it is possible and easy to 
purify any strain contaminated by the bacteriophage likewise renders 
the hypothesis of Gildemeister inadmissible. 

It may not be out of place to mention the fact that the majority of 
those who, at the beginning of their experiments upon the subject, 
suggested that it was easy to isolate a bacteriophage from an old bac- 
terial culture are not as emphatic on this point in their more recent 
publications. Thus Otto and Munter^®* now state that the nature of 
the bacterial strain employed plays a role of the greatest importance. 
'Phis is to implicitly recognize that there are pure strains and that there 
are contaminated strains. 

Immediately after the publications of Otto and of Weinberg appeared 
I showed^®* that in naturally mixed cultures the dissolving principle 
represents an impurity in the bacteriological sense of this word, since 
it is oidy necessary to carry out purifications upon an agar medium 
according to the usual technic of colony isolation to obtain ultrapure 
colonies cultivable indefinitely as such and from which it is henceforth 
impossible to isolate a bacteriophage. This finding, since confinned by 
a number of workers, proves that the bacteriophage is foreign to the 
bacterium inasmuch as a culture which contains it is di^'isible into two 
fractions, the bacteriophage corpuscles on the one hand and the ultra- 
pure bacteria on the other.* 

But are contaminated bacterial strains as common as some authors 
assumed, especially at the beginning of their studies? The following 
experiments afford an answer. 

Beckerich and Hauduroy®** isolated, as I had done, a mixed culture of 
bacteriophage and B. coli from a case of cystitis. They, also, succeeded 
in purifying this contaminated strain by a single isolation, and from 
that time on it was impossible for them to obtain from the ultrapure 
strain a principle having an activity suggesting in any way the presence 
of a bacteriophage. 

Tomaselli®®® likewise encountered 5 cases of pyelocystitis yielding 
mixed cultures of bacteriophage and B. coli. With the first 4 he readily 

* It seems, indeed, that a number of authors at the beginning of then* studies 
confused a simple temporary inhibition of growth with bacteriophagy. This 
caused them to think that the bacteriophage was to be found everywhere. 



234 


THE BACTERIOPHAGE AND ITS BEHAVIOR 


obtained upon agar a separation into mbced colonies and ultrapure 
colonies. With the fifth it was necessary for him to resort to the other 
method which I have indicated, namely, that of growth on glucose 
agar.®“ In this way he obtained ultrapure colonies of this strain when 
isolation on ordinary agar had been unsuccessful. Having then of these 
5 strains both mbced colonies and ultrapure colonies he showed that 
although the first were indefinitely cultivable in the form of mixed 
cultures from which it was possible to isolate a bacteriophage, the second, 
on the contrary, continued indefinitely as ultrapure cultures, and from 
these it was henceforth impossible to isolate a bacteriophage. This 
makes it obvious that in mixed cultures the bacteriophage represents 
an impurity. 

From two other cases of uncomplicated cystitis Tomaselli isolated 
ultrapure cultures with no bacteriophage from the urine. 

Gildemeister and Herzberg,®’’^ working on old cultures, tried in vain to 
derive a bacteriophage, although they applied very drastic treatment. 
They subjected the bacteria to trituration and extracted the bacterial 
juices under a pressure of 4000 atmos{)herea. 

Pondman®® studied systematically the 13 strains of B. dysenteriae 
found among the stock cultures of the Institute of UYopical Medicine at 
the University of Leiden. He cultivated these different strains in 
bouillon, and filtered them after an interval varying from 24 hours to 30 
days. Among these 13 strains one only (Y-14) contained a bacterio- 
phage. In additional exjterirnents he dissolved the bacteria with trypsin 
or with pyocyanase and in other tests he substituted heating for filtra- 
tion thi’ough a candle. The final products obtained in these different 
ways were combined with the bacteria. He did not succeed by any 
of these procedures in demonstrating any “lytic” principle whatever in 
cultures of 12 of these strains. But with strain Y-14 he was able to 
isolate a bacteriophage by all of these methods. Twelve of these 
strains were, therefore, ultrapure; 1 was a mixed culture. 

During a series of experiments, representing several months’ work, 
Flu*“ systematically examined 43 different bacterial strains: 13 of 
Vibrio cholerae, 0 of B. typhosm, 4 of B. dysenteriae Shiga, and 20 of the 
Flexner or Hiss dysentery bacillus. 

With each strain he performed a double series of tests. A flask con- 
taining 50 cc. of bouillon was seeded with a loopful of a fresh cultiure of 
the strain under examination. jVftcr incubation at 37''C. for 10 days 
the material was passed through a candle. To the filtrate he added an 
equal volume of sterile bouillon and seeded it again with a loopful of a 
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fresh culture of the same strain. The seeded medium was returned to 
the ipcubator at 37°C. and allowed to remain there for 6 weeks. After 
this time the ^d culture was filtered and the filtrate was tested systemati- 
cally on different strains of susceptible bacteria, either in bouillon in 
order to see if any “lytic” phenomena took place, or on agar in order to 
detect the presence of plaques. This same procedure was repeated for 
each strain examined. Furthermore, the test was repeated with each 
strain substituting heating for 1 hour at 58°C. for the filtration. Finally 
he made serial passages with the filtrates (or with the heated suspen- 
sions) with different bacteria, for the purpose of increasing the virulence 
of the bacteriophage if any was present. 

These experiments forming a double series; — one with a filtration 
between each passage and the other with heating,— were carried out for 
each of the 43 strains. The results showed that only one was contami- 
nated by a bacteriophage and this strain was the Y-14 strain of the Hiss 
bacillus, the same strain that had proved to be contaminated when 
studied by Pondman. 

Flu then purified this Y-14 strain by means of colony isolation, obtain- 
ing ultrapui’e colonies. The cultures derived from these ultrapure 
colonies were subjected to the same treatment that permitted him to 
isolate a bacteriophage from the original strain. It was impossible for 
him to isolate one. Cultures derived from the ultrapure colonies were 
indefinitely ultrapure; the bacteriophage had been eliminated. It was, 
then, an impurity. 

In another series of investigations^^® Flu, who as has just been stated, 
examined 13 strains of Vibrio cholera, tested the ultrapurity of 10 other 
strains. Tliis second series of studies, conducted as methodically as 
was the first, showed one of the 10 strains to be a mixed culture and from 
it he isolated a bacteriophage. 

In all, then, of 53 strains of different types of bacteria taken at 
random from the cultures kept at the Institute of Tropical Medicine at 
the University of Leiden, 51 were ultrapure. None of the methods 
applied permitted the detection of a principle exerting any action in any 
way resembling bacteriophagy. Two were contaminated by races of 
the bacteriophage which Flu isolated. After a series of passages with 
susceptible bacteria, the first brought about complete bacteriophagy 
of a suspension of the Hiss bacillus, the second, complete bacteriophagy 
of a suspension of Vibrio cholerae. 

Reichert*®* examined 11 strains of dysentery bacilli; 9 were ultrapure, 
2 were contaminated by a bacteriophage. He purified these two strains 
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by colony isolations and the new strains yielded henceforth ultrapure 
colonies free of the bacteriophage. 

Burgers and Bachmann^®* carried out 200 tests on strains of Gram- 
positive organisms and succeeded once in isolating a bacteriophage from 
an old culture of the organism of swine fever. In spite of the fact that 
they were only once successful these authors certainly employed a 
method which should have enabled them to detect a bacteriophage had 
any been present, for they emploj'cd the procedure of Buchner for the 
extraction of Z3miase. The bacteria were triturated with sand and 
then subjected to a pressure of 400 atmospheres. 

From all of these experiments it appears definitely that there are 
bacterial strains containing bacteriophage corpuscles, but that these 
strains, naturally contaminated, arc relatively rare; more rare even 
than one would have a priori supposed in view of the ubiquity of the 
bacteriophage and the frequency under natural conditions of the 
bacteriophage-bacteria symbiosis in natural mixed cultures. 

As I have shown,®®^ in accord with the present state of our knowledge, 
if bacteriological studios are to be conducted under properly controlled 
conditions, it must first be shown that the bacterial strains involved in 
the study are, not only pure, but also ultrapure. 

Strains contaminated by a bacteriophage may be recognized in that 
they give mutant colonies, while all the colonies of an ultrapure strain 
are identical. The bacteria of contaminated strains are but slightly or 
not at all agglutinablc by a specific antiserum. The bacteria are 
resistant to the action of bacteriophages which attack homologous 
strains. Every time that one or the other of these characters is encoun- 
tered there is reason to suspect contamination by a bacteriophage. 

13. THE PURIFICATION OF NATURAL MIXED CULTURES 

Purification of natural mixed cultures is the more readily accomplished 
when the symbiosis between the bacteriophage and the bacterium has 
not been of long duration. In ordinary cases the usual method of 
colony isolation upon agar permits the selection of ultrapure colonies. 
It may be added that it is always well to repeat this purification proce- 
dure through 2 or 3 consecutive platings. The method of Roux, in 
connection with the purification of artificial mixed cultures is particu- 
larly well adapted to this purpose. 

Bruynoghe®‘® has discovered that mixed cultures may be purified more 
readily if the mixed condition is of recent origin, and that when the 
symbiosis is of longer duration the simple procedure of colony isolation 
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on ordinary agar may not suffice, for all of the colonies may then be 
contaminated. I would recommend in such a case®®' the use of an agar 
containing sugar, that is to say, a medium containing some sugar fer- 
mented by the bacterium which is vmdergoing purification. Here it is 
necessary to resort to several successive purifications, each time taking 
the material for the new isolation from the margin of a colony as close 
as possible to the edge. 

If the mixed culture can not be purified by this method it may be 
necessary to carry out a series of cultures in liquid media, acid in reac- 
tion and at the limiting temperature of the culture. In other words, 
it may be necessary to make a series of 8 to 10 cultures at the highest 
temperature in media containing the greatest amount of acid compatible 
with the development of the bacterium involved. After this ultrapure 
colonies may be obtained by cultivation upon a sugar-containing agar. 
These methods are based upon the fact that the bacteriophage may not 
develop in a medium whose acidity still allows the development of 
bacteria, especially at the temperature limit for the development of the 
bacterium. 

An additional method for isolation, proposed by Prausnitz,”® depends 
upon the use of gelat in as a culture medium. 

Still another method, applicable to certain cases, consists in the use 
of the antiserum. Such an antiserum is prepared by giving a rabbit a 
series of injections of the natural mixed culture. It has been shown by 
Bordet that the serum of an animal prepared by injections of mixed 
cultures possesses antibacteriophage properties. Isolationo can then 
be made upon an agar medium in which this antiserum is incorporated. 
From the point of view of efficiency this procedure is inferior to the 
other methods described. 

It should be stated that in those very rare cases where isolation on 
ordinary agar does not permit the selectioii of ultrapure colonies, 
isolation upon sugar-containing agar has always permitted me to 
isolate such a strain from naturally mixed cultures, except in one in- 
stance (among about 100 experiments), where it was necessary to employ 
passages in an acid medium at the temperature limit. 

14. ISOLAl'iON OF THE BACTEUIOPIIAGP, FROM NATURAIiLY MIXED 

CULTURES 

When dealing with bacteria belonging to homogeneous species it is 
usually only necessary to filter a bouillon preparation of the miTcH 
culture and to combine the filtrate with an ultrapure suspension of 
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bacteria of the same species. But the situation may some times be 
much more complicated. I might cite as an example an experiment of 
Flu, for in cases comparable to this the method devised by him may 
be very conveniently employed. 

Everyone who has noted that it is possible to derive from certain 
bacterial strains among stock culture collections a bacteriophage active 
for normal bacteria of the same species has indicated that the isolation 
was possible only from old cultures and not from cultures recently 
transplanted. But, as Flu has stated, if the bacteriophage is really an 
impurity it is evident that the corpuscles must have been present in 
the previous culture from which Ihe transfer was taken. 'I'his being 
the case they must be introduced into the bouillon when the 
bacteria are implanted, and consequently the corpuscles must have been 
present in the young cultures. He has been able to demonstrate this. 

Flu centrifuged a 24 hour bouillon culture of the Y-t4 strain, of 
which we have spoken in a preceding paragraph. He mixed the sedi- 
ment resulting from Ihe ccnl rifugation with four times its weight of 
anhydrous sodium sul})hate,* and ground the dry mass resulting from 
this mixture in a mortar. The dry powder was dissolved in water and 
filtered through a candle. This filtrate contained virulent corpuscles 
which caused bacteriophagy in a suspension of normal Flexner bacilli. 
The corpuscles, therefore, were actually present in the young cultures 
of a naturally mixed strain. 

It should be stated that the sodium sulphate solution must be filtered 
for the bacteria resist this treatment as do the bacteriophage cor- 
puscles, and if the resistant bacteria are not eliminated they will develop 
in the suspension to be used in the test for bacteriophagy and the latter 
process may then be undetected. 

I have also succeeded in isolating a bacteriophage from young mixed 
cultures by dissolving the bacteria by pyocyanase. The filtrate con- 
tained the corpuscles. 

The fact that a mixed culture, either natural or artificial, can be sepa- 
rated into two parts shows beyond possible contradiction that in such 
cultures bacteriophage corpuscles represent an impurity, in the bacte- 
riological sense of the word. 

RESUME 

1. The behavior of bacteria with regard to bacteriophage corpuscles 
does not escape a general biological law: one which might be termed the 

♦ This is the method devised by Rowland for the extraction of the toxin of 
Shiga dysentery bacilli. 
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"law of reaction.” Bacteria attacked by bacteriophage corpuscles 
react and may acquire a resistance such as to afford a true immunity. 

According to the virulence of the corpuscle.s, to the tendency to resist 
on the part of the bacteria, and to the conditions of the moment, the 
one or the other of the two antagonists finally predominates. If it is 
the bacteriophage which is victorious the medium in which bacteri- 
ophagy takes place remains clear indefinitely, it being a pure suspension 
of bacteriophage corpuscles. If the bacteria succeed in acquiring an 
immunity the medium again becomes cloudy, as a result of the devel- 
opment of resistant bacteria. Here there is a secondary culture 
(d’Herelle'”’^). 

2. The secondary cultures result from a phenomenon of selection, not 
of bacteria naturally endowed with resistance but of certain bacteria 
which possess a faculty for the acquisition of resistance. In a given 
suspension the number of bacteria capable of acquiring resistance is the 
greater as the virulence of the bacteriophage is the less (d’Herelle*'^). 

3. 'Phe resistance acqixired by a bacterium does not manifest itself 
solely toward the race of the bacteriophage in contact with which the 
resistance has been acquired but against other races as well. A bac- 
terium which has once become refractory to the action of one race of 
bacteriophage is refractory to the action of all other races. 

4. Experiment shows ihat the protoplasm of bacteria w'hich have 
acquired a resistance is able to destroy bacteriophage corpuscles 
(d’Herelle,®^^ Flu^”). This experimentally demonstrated fact renders 
plausible I he hypothesis that the acciuisition of resistance by a bac- 
terium takes place after “rccovcr5^” that is to say, as the result of the 
destruction of the corpuscles within the protoplasm of this bacterium. 

fi. Bacteriophage corpuscles which are enhanced by passages with 
susceptible bacteria are attenuated during the process of the acquisition 
of resistance by the bacteria. 

6. If one purifies a secondarj’^ culture, that is to say, a culture containing 
bacteria endowed with an acquired resistance and virulent bacteriophage 
corpuscles, either by the use of an antibacteriophage serum (Bordet 
and Ciuca***) or by the fishing of ultrapure colonies (Eliava and 
Pozerski^') it will be found that in the course of a series of transfers on 
agar the acquired resistance gradually diminishes, and then disappears, 
and at this time the bacteria have again become susceptible (Bordet 
and Ciuca®). 

7. When planted upon agar secondary cultures give a variable result, 
depending upon the virulence of the bacteriophage. With very viru- 
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lent corpuscles the agar often remains sterile (d’llerelle®’). Whra 
colonies form some arc ultrapure, others are contaminated by corpdsjSl^ 
(Kuttner^”*). Among the ultrapure colonies some arc compose^ of 
susceptible bacteria, others of resistant bacteria (Bordet and C'uca®’), 
and the degi'ee of resistance is in its nature variable from one colo y to 
another (Brujmoghe”®). 

8. The transfer of a secondary culture to bouillon yields, in cases 
where growth occurs, a mixed culture in which resistant bacteria and 
virulent corpuscles co-exist (Bordet and Ciuca,*® Kuttneri®*). The 
appearance of mixed cultures in bouillon differs in accord with the 
virulence of the bacteriophage which they contain. In order that there 
may be a permanent mixed culture, that is to say, one indefinitely 
transferable in the form of a mixed culture without either of the two 
antagonists predominating, it is necessary that a state of etiuilibriura 
be established between the resistance of the bacteria and the viru- 
lence of the bacteriophage corpuscles. If, as the result of circumstances, 
this equilibrium is not attained one or the other of the two antagonists 
will be eliminated. 

9. Secondary cultures result from an inliibition of the bacteriophage 
corpuscles by substances secreted by the baeteria which are reacting 
to the action of the bacteriophage. Inhibition is most outspoken when 
the corpiiscles are of low virulence (d’llerclle). 

Through the Influence of the reaction opposed by the bacteria to the 
bacteriophage! mutations are luoduced. These are almost always 
transitory', disappearing along with the cause which produced them 
(Eliava and Pozersky®i), but occasionally permanent. These muta- 
tions may involve all of the characters of the bacterimn; among othem, 
morphology (d’Herelle*^'^), biochemical characteristics (d’Herelle®®^), 
agglutinability, which is usually diminished (dTierclle®'’'), vitality, 
which is usually increased (d’llerelle®®^), or virulence, also usually 
increased (Bordet and Ciuca**") but sometimes abolished (Fejgin®®i). 

With regard to morphology, bacilli in a state of active re.sistance take 
a cocco-bacillary form, even assuming a definite coccus form. They 
become surrounded by a capsule (<l’IIerelle®*'‘) . When the bacteriophage 
is eliminated there is usually a return to normal form (Eliava and 
PozerskP®')- Nevertheless it appears that under certain undetermined 
conditions a fixed mutation involving morphology may take place. 

10. Under the influence of the acquisition of resistance there occurs 
under certain conditions infra-visible forms of resistant bacteria 
capable of reproducing the ordinary visible form (Izar®*’^). These 
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infi^visible, filterable bacterial forms are ordinarily the cause of the 
fiiilurc occasionally experienced in attempting to increase the virulence 
of certain bacteriophage races by the method of passages (Tomaselli®*®). 

11. The ubiquity of the bacteriophage in nature and the frequency 
of mixed cultures in the animal body (d’Horclle’^’O makes it a priori 
certain that there are mixed cultures among laboratory stock cultures. 
That such cultures exist is a fact (Bail^®)- Bacterial strains in mixed 
cultures are, however, relatively rare as has been shown by the careful 
investigations of several workers. The studies of Flu**®-®^® are particu- 
larly interesting because of the number of strains examined and the 
manner in which he carried out liis tests. Of 53 strains of different 
bacteria he found 51 to be ultrapure. Two only contained a bacterio- 
phage. 

12. These natural mixed strains are “contaminated” by bacteriophage 
corpxiscles in the same way as are artificial mixed cultures. This is proved 
by the fact that it is easy to purify them by the method of colony isola- 
tion on agar as usually employed in bacteriology (d’Herelle®®®). Strains 
derived from ultrapure colonies are henceforth ultrapure and it is 
impossible to derive from them any “lytic principle” whatsoever. 

13. On the other hand it is also possible to isolate bacteriophage cor- 
puscles from a naturally mixed strain and this can even be done with 
young cultures (Flu®^^). 

The fact that from all naturally mixed cultures it is possible to obtain, 
on one hand, bacterial strains henceforth ultrapure, that is to say, not 
admixed with the bacteriophage, and on the other hand, bacteriophage 
corpuscles free of the bacteria, shows beyond any possible doubt that in 
such strains the bacteriophage corpuscles represent an impurity in the 
bacteriological sense of the word. 



CHAPTER VI 

Species op Bacteria Susceptible to Bactbrioptiagy 
1. homogeneous species 
i. B. dysenteriae Shiga (Eberthella dysenteriae) 

The Shiga dysentery bacillus is the first bacterial species which I 
recognized as being susceptible to bacteriophagy.®^® It is also the bac- 
terium for which it is most easy to isolate virulent races of the bacterio- 
phage; races frequently of sufficient virulence to overcome the organisms 
without the necessity of enhancing virulence by passages. 

Up to the present time I have isolated several hundred races of the 
bacteriophage virulent for B, dysenteriae Shiga and I have yet to find two 
which at the time of their isolation arc identical, not only with regard 
to the intensity of their virulences for this bacterium, but also as to the 
extent and the degree of their activity for other bacterial species.''^^*' 
All of the races which I have isolated w’ere virulent for all of the strains 
of B, dysenteriae Shiga against which I have tested them, — strains 
selected at random cither from among stock cultures or obtained from 
cultures derived from plates spread directly from dysentery cases. 
A race very virulent for a given strain of the Shiga bacillus may be less 
active for another strain but after a few passages at the expense of the 
latter it acquires a virulence conqiarable to that exhibited toward 
the first (dTIerelle 

Among all of the races which I have studied 1 have encountered 
but a single one w'hose virulence was directed solely tow^ard the Shiga 
bacillus. All of the others were virulent for one or another of the 
dysentery bacilli, Flexner or Hiss, and many were active against the 
two at the same time.^’^^ Very few races attack the Strong bacillus. 

A great many races are at one and the same time virulent for a greater 
or less number of strains belonging to the heterogeneous bacterial species; 
B. colij B, typhosus^ B, paratyphosus A and B, and other species of this 
group, and this may be the case immediately after isolation (dTIer- 
eUe 3^®). 

I will not return to the possibility of acquiring a virulence for bac- 
terial species very distantly related, such as B. pestis, the staphylococcus, 
etc., for this question has been treated in detail. 

242 
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places of the bacteriophage virulent for B. dyserUeriae Shiga have been 
y^ated up to the present from a variety of sources, including the stools 
of convalescents from bacillaiy dysentery (d’lTerelle^' *) ; the stools of 
individuals effected with mild intestinal disturbances (d’llerelle”®); 
the feces of normal men (d’Herelle®^'*), particularly in epidemic periods 
(d’Herelle*!'’); the feces of domestic animals (d’IIerelle®‘ ) ; from drinking 
water and from rivers (Diunas’^®**); from cultivated soil (Dumas’**); 
from sea water at the mouths of rivers; and from tap-water (d’Herelle**'). 
In briet, races of bacteriophage virulent for B. dyaenleriae may be en- 
countered in everything that is exposed to contamination by excreta. 

2. B. dysenteriae Hiss {Eberthella paradysenteriae) 

T'jverything that has been said in this text upon the subject of bac- 
teriophagy with the Shiga dysentery bacillus and of the behavior of this 
organism toward the bacteriophage may be applied without change to 
B. dysenteriae Hiss. 

We have seen that a bacteriophage virulent for B. dysenteriae Shiga 
is also virulent for the bacillus of Hiss. As a general rule the virulence 
for a bacterium of any kind within the colon-typhoid-dysentery group 
frequently extends to <.he Hiss bacillus. 

Reichert**® has observed an incompalability between the virulence 
of a bacteriophage for B. coU and for B. dysenteriae Hiss. lie has 
found that if, by passages, a bacteriophage acfpiires a virulence for the 
first it loses virulence for the second, and the reverse is likewise true. 
According to my own observations the situation desc riled by Reichert 
is a fortuitous coincidence rather than a general law for I have often 
encountered the simultaneous e-\istence of these two virulences. In 
this connection I have even effected the following experiment. After 
preparing a mixed suspension by adiling to Ijonillon a drop of a very 
concentrated suspension of B. coli, one demonstrated to be susceptible, 
and then one drop of a very heavy suspension of B. dysenteriae Hiss, 
a strain also susceptible, complete bacteriophagy in about 12 hours 
occurred through the action of a bacteriophage isolated from a dysentery 
convalescent. 

Beckerich and Hauduroy*® have found that a bacteriophage virulent 
for the enterococcus (isolated by them from the feces of a horse) was 
likewise virulent for B. coli and for B. dysenteriae Hiss. 

Secondary cultures reinoculated into litmus sugar media do not fer- 
ment the sugars in the same way as do normal bacilli. Media contain- 
ing glucose, maltose, and manuite become acid after ten days; those 
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containing lactose, levulose, saccharose, and also ^ycerine remain 
alkaline. After a month the lactose, saccharose and levulose media 
remain alkaline. Secondary cultures, and also mixed cultures, give the 
indol reaction but do not react on either neutral red or lead acetate. 
The resistant bacilli are inagglutinable, have a high viability, and are 
more virulent for man. In Part III of this monograph we will consider 
a case of B. dyscnteriae Hiss septicemia in which the bacillus was resistant 
to the action of the bacteriophage (dTIerelle®*^. 

Races of the bacteriophage virulent for B. dysenteriae Hiss have been 
isolated from the intestinal contents of dysentery convalescents (d'Her- 
eiiesi#). They may be encountered under the same conditions as arc 
those races virulent for the Shiga bacillus. 

S. B. dysenteriae Fle.rner (Eberthella paradysenteriae) 

Races of the bacteriophage virulent for B. dysenteriae Flexner may 
frequently be encountered under the conditions noted for the preceding. 

All of the races which I have isolated were active for certain strains 
of B. coU; although with some, activity for other varieties of dysentery 
bacilli was lacking. 

With reference to the bacteriophage, Flexner bacilli constitute a 
homogeneous species. Resistant bacilli ferment glucose, levulose, 
maltose, and mannite. They do not ferment lactose, do not blacken 
lead acetate in an agar medium, and do not react on neutral red. They 
form indol. They are inagglutinable by a specific serum and possess 
a high viability. 

The atypical character of certain strains of B. dysenteriae when 
freshly isolated from the organism may surely be ascribed to their 
resistance to the bacteriophage. Elsewhere we will consider a typical 
case. Furthennore, this observation is of general significance, api)lica- 
ble not to dysentery bacilli alone (d’Horelle’^O- 

A Flexner-bacteriophagc was isolated for the first time from the 
stools of dysentery convalescents (d’Hcrelle®'®). 

4. Different intestinal bacilli (para- or pseudo-dysentery organisms) 

In cases of enteritis, bacilli may often be found which do not ju-esent 
all of the distinguishing characters of B. dysenteriae, B. typhosus, or the 
paratyphoids. Some of these strains may deviate from the descriptions 
a great deal. Nevertheless, it would appear that they may be the cause 
of the disease. 
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At different times I have isolated these unidentified bacilli and I have 
always found that at the time of the disappearance of the more or less 
severe disturbance, the stools contained a bacteriophage virulent for the 
bacillus isolated from the intestinal tract at the beginning of the dis- 
ease. Generally these bacteriophages are also virulent for the typical 
dysentery types, but the reciprocal of this is not alvrays true, for the 
bacilli may often be insusceptible to the action of bacteriophages having 
a maximum virulence for B. dysenteriae. 

During the summer of 1919, 1 studied about 100 cases of diarrhea in 
infants on the service of Dr. Hutinel at the Ilopital des Enfants-malades. 
With the oxceptiop of the cases which progressed rapidly and died 
(cases to which we will return) I constantly isolated from the stools a 
bacillus which I have' also found in a few cases of gastro-enteritis in 
adults. This organism T have termed B. dysetiteriae 

When inoculated on litmus sugar agar media it fails to ferment any 
of the sugais tested (lactose, glucose, Icvulose, saccharose, maltose, 
mannitc, galactose). It causes no change in lactose and maltose 
llarsiokow medium, but this medium containing glucose and mannite 
is turned red. It is agglutinated by convalescent serum in titres of 
1:100 to 1:500, is not agglutinated by anti-Flexner or anti-Shiga sera. 
With a serum which agglutinates the Hiss strain to 1:2500 the “X” 
strain is agglutinated in dilutions of 1 : 200. It is non-motile, is morpho- 
logically like the other dysentery organisms, is Gram-negative, and is 
toxic for rabbits. 

Several races of bacterioj>hage active for this bacUius have been 
isolated, ^'his bacteriophage is constantly present in the intestine 
in convalescents who have shown B. dysenteriae “X” in their stools 
during the infection. Eaces have also been recovered from the int^tinal 
tracts of healthy animals, both man and other animals. The “X” 
bacillus constitutes a homogeneous species as regards the bacteriophage. 

Certain races of the bacteriophage active for B. dysenteriae “X” 
were likewise active for other species of dysentery bacilli, others ;were 
virulent for only one or two among them. When maintained for several 
generations at the expense of B. dysenteriae “X" they almost completely 
lose their activity for other dysentery organisms (dTIerelle®®^* 

5. BacUh associated with fowl typhoid (EbertheUa sanguinaria, pfaffi,, 
Rettgeri, Jeffersonii, Salmonella puUora) 

EbertiieUa sanguinaria is a very homogeneous species. During the 
course of the epizootic m France occurring most extensively during the 
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years 1918 and 1919, I isolated many strains of this bacUlus and also 
many races of virulent bacteriophages. All of these bacteriophages 
caused bactcriojihagy with all of the strains isolated, including some 
American strains sent me through the kindness of Dr. Hadley. 

I have isolated, uniformly, races of the virulent bacteriophage from 
the excreta of domestic animals which were resisting the infection on the 
farms where the typhoid raged, even among those which were naturally 
immune. The bacteriophage is (>xtrcraely virulent in those animals 
which have recovered from the typhoid. 

Outside of the epizootic foci, in spite of a great many examinations, 

I have never been able to isolate a bacteriophage possessing any action 
whatsoever for EbertheUa sanguinaria from the excreta of chickens or 
any other domestic animals.^*^ 

I have also isolated races of the bacteriophage virulent for the related 
bacilli, — E. pfaffi, E. jcjjernonii and Sulmonelln puUoraJ'^^ The number 
of experiments carried out with these organisms is not, however, suffici- 
ently great to permit me to .say whether these bacterial species are 
homogeneous or heterogeneous. Xevertheless the following fact is 
sufficient to suggest that E. pfaffi is heterogeneous and E. jojjersonii 
on the contrary' may be homogeneous. Some races of the bacteriophage 
vinilont for ElwrlhcMa aaiigninan'a are virulent for E. pfaffi, others are 
not. '11118 would not be the case if E. pfafU were a homogeneous species. 
On the contrarj' all of the races of the bacteriophage virulent for Eber- 
thclla sanguinaria arc also virulent for E. feffersonii. 

With j’cgard to the <iuostion of crossed viruleoces among these different 
bacteria the following may be stated. One race of the bacteriophage 
presented the following virulences : for Eberthella sanguinaria, + + + + ; 
for E. jeffirrsonii , -fd — 1- + ; for »S'. pullora A, + + ; for S. pullora B, 
4- ; for E. pfafji, 0; and for E. reflgeri, 0.* 

Another race isolated from the excreta of a chicken which had resisted 
an epizootic due to E. jeffersonii showed the following virulences; 

. Eberthella sanguinaria, 0; E. jeffersonii, 0; S. pullora A, 0; S. pullora B, 
-1-; E. pfaffi, +-1--1- + ; and E. rettgeri, 0 (d’Herelle 

6. Pasteurella bovis 

I have isolated about 30 races of bacteriophage virulent for this 
organism. About 1 2 of these were, when isolated, endowed with a very 

* ++++ = very strong virulence; ++ = strong virulence; ++ = mod- 
erate virulence, -t- = weak virulence; 0 = no virulence. 
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high virulence but I have not yet found one of maximum virulence 
(giving complete and always permanent bacteriophagy). 

All of the races tested presented about the same virulence for the 
different strains of bacteria isolated from the blood of buffaloes dead of 
barbone (pasteurellosis of buffaloes) in Indo-China; as well as for a strain 
found in Italy and tested after frequent passages through rabbits; for a 
strain isolated from the mud of a water-hole frequented by buffaloes, 
some of which contracted the disease shortly afterward.* On the 
other hand in two instances I have isolated from the excreta of sick 
buffaloes refractoiy strains of the bacterium, and it is of interest that 
although presenting all of the morphological, cultural, and fermentative 
characters of the bacterium they were inagglutinable by an antiserum. 
These two strains were not normal, then, and the fact that they were 
not attacked does not prove that Pasleurella bovis is not a homogeneous 
species. 

Races of the bacteriophage virulent for Pasteurella bovis are to be 
found, during an epizootic period, in the intestinal contents of buffaloes 
who escape infection (dTTerclle^-^. 

7. B. pestis {Pasleurella pestis) 

Two races of the bacteriophage virulent for B. pestis have proved to 
be active for all strains of /?. pestis with which they have been tested. 
Of the plague bacillus two cultures were obtained in Indo-China, two in 
I’rance (Marseilles, 1919, and Paris, 1920), seven from the Dutch 
Indies, and five from Egj'pt. B. j)cstis is certainly, then, a homogeneous 
si)ccies as regards the bacteriophage. 

After about the thirtieth passage one of these two races proved to be 
virtilent for B. dysenteriae also and this virulence, at first weak, suddenly 
increased at the 10th passage with B. dysenteriae and became very 
strong. 

Races virulent for B. pestis are likewise virulent for the bacillus caus- 
ing pseudo-tuberculosis in guinea-pigs. 

The colonies of B. pestis which are resistant to the bacteriophage 
are very viscous, and are made up of polymorphous bacilli. Some of 
the resistant colonics are composed of bacilU inagglutinable by an anti- 
serum, and they are extremely virulent for the guinea-pig. 

Races of the bacteriophage virulent for B. pestis may be found in the 
intestinal contents of rats which have survived a plague epizootic, 

♦With barbone raging in the neighborhood, biiffaloea which were sick had 
undoubtedly frequented this previously. 
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and in man in the pus of buboes at the period of suppuration (d'Her- 

322 ). 

2. HETEROGENEOUS SPECIES 
1. B. typhosus {Eberthella typhi) 

Among the heterogeneous species B. typhosus is the one which is 
really the best known insofar as its behavior toward the bacteriophage 
is concerned, thanks to the work of Janzen and Wolff. 

It may be stated, however, that insofar as the phenomenon of bac- 
teriophagy itself is concerned, including the nature of the resistance of 
the bacterium, there is nothing to be added nor need we change anything 
that has been said in the preceding chapters. In these respects B. typho- 
sus behaves in exactly the same manner as B. dysenteriae. 

Wc have seen that for homogeneous species any bacteriophage race 
virulent for one strain is likewise active upon all others provided the 
strains are normal, that is, provided they present all of the characters 
of the species. With regard to heterogeneous species it not the same for 
with the latter a given race of the bacteriophage may prove to be 
virulent for a number of strains while other strains are absolutely refrac- 
tory to it. Nevertheless these insusceptible strains maj' be subject 
to the action of other races.’-^ 

Some races of the bacteriophage exercise an action limited to a small 
number of strains, sometimes to Imt a single one, while other races 
of the bacteriophage bring about bacteriophagy with a very large num- 
ber of strains. 

Table 21, taken from the work of Janzen and Wolff,®''® shows bet ter 
than any explanation the behavior of the heterogeneous species B. 
typhosus toward the bacteriophage. 

I would state again (sec “Evaluation of Virulence”) tliat Janzen 
and Wolff determined the virulence of a bacteriophage in the following 
ways: I. By the dissolution of a suspension of young bacilli in bouillon. 
II.- By inhibition or the interference with growth when sterile bouillon, 
inoculated with the susjjcnsion of the bacteriophage, is planted with 
the bacteria. III. Bj plaque formation on agar, obtained][by spreading 
a drop of suspension I (above). Four degrees are employed’in express- 
ing the results of each of these tests: Weak (+), moderate (++), 
strong (+ ++), and very strong (-f -4- + -1-). The results are read after 
incubation at '67X'. for 24 hours. '.-i s ■ 

Althou^ maintaining its characters through successive passages 
(we will later discuss this question at length) a race of the bacteriophage 
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may acquire new virulences. Wc have already seen that by repeated 
contacts it is possible to cause a bacteriophage to ac(iuire a virulence 
for new Ilcrc the case is the same, for insofar as the bacterio- 

phage is concerned, different strains of a heterogeneous species behave 
like distinct species. 

Janzen and WoUP^^.sto pn^sent some additional data dealing with 
the vimlence of Bacteriophage Wi when tested upon 5 strains of B, 
typhosus. When this bacteriophage was tested immediately after its 
isolation from the intestinal tract the results were as shown in table 22. 
When tested again after a series of passages at the expense of the Wi 
strain the results were as given in table 23. 
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From this it appears that with this bacteriophage the reactions wore 
exactly the same when tested immediately after its recovery from tlie 
body where it had undergone passages at the expense of strain Wi 
which was isolated from the patient, and when tested later after passages 
in vitro at the expense of this same typhoid bacillus. Whether the 
passages had taken place in vivo or in vitro the behavior of the bac- 
teriophage was the same. 

Janzen and Wolff then subjected this bacteriophage to passages at 
the expense of strain Sm. After 10 passages the reactions were as 
shown in table 24. 44iis vshows definitely that bj'^ a series of passages 
at the expense of strain Sm the race had acquired a virulence for strain 
Jf, and the virulence for strain 39 had been increased. 

Several authors have obtained comparable results. Of those who 
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have confinncd this observation Reichert,®^® who has especially studied 
this question, may be mentioned. This author has found, indeed, that 
the opposite effect may also take place, namely, that through passages 
at the expense of one strain a virulence for another strain may be lost. 

Typhoid bacilli which have acquired a resistance are inagglutinable 
or but slightly agglutinable by an antiserum.* They kill laboratory 
animals in smaller doses than do normal bacilli. t 
The virulence of a bacteriophage is rarely limited to B, typhosus, 
but usually extends to one or several related species. This is, indeed, 
a rather general phenomenon and it will be unnecessary to repeat this 
comment in connection with each bacterial species considered. A 
bacteriophage is rarely virulent for Imt a single bacterial species. 

Occasionally it is possible to isolate from the intestines of normal 
men and of animals virulent races of the bacteriophage but as a rule, 
when derived from these sources the virulence is weak. On the con- 
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traiy the virulence is very high in races derived from +he stools of 
typhoid convalescents and it was from such a souiue, that is, a con- 
valescent from an acute infectious intestinal disease, that it was first 
isolated (d'IIerelle®^'0*-‘ Races may also be found in the urine of con- 
valescents (d'Herelle®^®), and are constantly present in the blood at the 
termination of the septicemia (llauduroy-®'^') They have been isolated 
from the water of a number of rivers (Reekerich and Ilauduroy^®). 

B, paratyphosus A (Sahnonella paratyphi) 

Everything which has been said with regard to B, typhosus applies 
to paratyphoid A, altliough the latter bacillus has received much less 
study. 

* Complete inagglutinahility is only observed, as we have seen in connection 
with dysentery bacilli, when the resislance is absolute. Agglutinability is 
restored gradually as the resistance is gradually lost. 

t When the term resistant bacteria is used without qualification it should be 
understood that it invariably refers to “bacteria possessing an acquired resis- 
tance, in ultrapure culture.” 
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A bacteriophage virulent for this organism may be isolated under the 
same conditions as was the case for B. typhosus. I have found it, 
possessing a verj’ high virulence, in the stools of patients convalescent 
from paratyi)hoid fever. In nomial individuals it is found less fre- 
quently than are races virulent for B. typhosus and especially for B, 
paratyphosus B. The last is the most frequently encountered of the 
three (d’llerelle). 

Bachmaim and de la Barrcra^^ have reported that extremely interest- 
ing mutations of this bacillus occur through the action of the bacterio- 
phage. 

Aside from colonies showing a strongly modified morpholog>% they 
say, others are to be found which are small and transparent, and which 
are very different from the nonnal type.* The bacilli composing 
these colonics showed an outspoken increase in agglutinability by an 
anti-typhoid scrum and this agglutinability increased during the course 
of successive transfers. With the anti-typhoid scrum used by these 
authors the following agglutinations were obtained: 


With the homologous B. fyphostis 1:(5000 

With the original B. purntijphoHW A 

With B. paratyphof^m .4, mutant (Fi) l:20tK) 

With the same after the 4(h generation (I'h) 1 :o000 

With the same after the 0th generation (Fe) 1:6000 


This by no means represents an increase in the general agglutinability 
of the original para A organisms, for while this original para A bacillus 
was agglutinated by its liomologous scrum in a dilution of 1:3200 
the para A mutant of the (ith generation (t'e) was agglutinated only in a 
dilution of 1:1600. 

But here is a fact which is still more strange. The anti-F 4 serum, 
that is to say, the serum of an animal prepared by injections of the mu- 
tant form in the 4th generation, agglutinated the homologous F < organ- 
ism at a titre of 1:3200, agglutinated B. typhosus, 1:800, and aggluti- 
nated the original para A bacillus, 1:800. 

The anti-serum to the Fe generation agglutinated its homologous or- 
ganism, as well as B. typhosus and the F 4 strain, to the limit, but it 
did not agglutinate to any tlegrce the original B. paratyphosus A from 
which the mutants F^ and Fg were derived. 

To summarize this, Bachrnann and de la Barrera have observed with 

* Unfortunately these authors did not .show whether they were working with 
mixed colonies or not, or if ultr.apure, whether the colonies were resistant or 
susceptible. According to their description, however, it would appear th.at they 
were dealing with partially resistant, ultrapure colonies. 
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regard to the mutant form, 1. A reduction in the ^glutinability by an 
anti-A serum. 2. An increase in the agglutinability by an anti-typhoid 
serum. 3. The production of antisera which agglutinate B. typhosus 
more strongly than they do the original paratyphoid A organism, this 
property becoming more manifest during the course of successive 
transfers. 

These authors have conermed these findings by agglutinin absorption 
experiments. Weil has shown that the bacillus of Gaertner, which is 
agglutinated to the titre by an anti-typhoid scrum, may have its coagglu- 
tinating action increased and at the same time retain intact its specific 
agglutinating power. But the anti-typhoid serum used by Bachmann 
and de la Barrera, deprived of its partial agglutinins by saturation 
with the bacillus of Gaertner, also lost its activity for the original 
para A strain, although it still agglutinated B. typhosus at 1:3200, and 
the mutant form of para A at 1 : 1(500. 

By exhausting the anti-typhoid serum with the original paratyphoid 
A heated to 100°C. they obtained a serum which no longer had any 
action upon the original para A, but it agglutinated B. typhosus at 
1 : 3200 and the mutant form at 1 : 1000. 

As for the anti-serum produced to the he mutant, absorption with 
heated bacilli removed all action for the original para A but did not 
impair its activity for B. typhosus and for the I'’.j and Fo mutants. 

These facts can only mean that there has been a transformation 
of the antigenic properties brought about through the action of the 
bacteriophage. 

“We have witnessed, then,” say Bachmann and de la Barrera, “a 
progressive evolution, in which the properties of these organisms become 
increasingly unlike the original para A bacillus and approximate more 
closely those of B. typhosus.” 

One might go still further and question whether the bacterial species 
belongmg to the colon-typhoid-dysentery group do not result from 
mutations brought about through the intervention of the bacteriophage. 
Baerthleins obtained in one case the transfonnation of a B. paratyphosiis 
B into a B. typhosus, and one immediately wonders if, in this successful 
case, he wi.s not working with a mixed strain of B. paratyphosus B. 
Some experiments to be described later seem to substantiate this inter- 
pretation. At the very beginning of my experiments I emphasized 
the fact that the question of the bacteriophage is certainly a dominating 
one in the study of baeteria and the communications published during 
the last three years seem to show, indeed, that this statement was 
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warranted. As a matter of fact wc are only at the beginning of this 
phase of the subject. 

3. B. paratyphosus B {Salmondla ScholtmiiUeri) 

But few studies have been made of this organism with regard to its 
behavior toward the bacteriophage, but it would appear that it is 
somewhat less heterogeneous than is B. typhosus, for the races of the 
bacteriophage which I have isolated have been, in general, virulent for 
all of the strains with which 1 have tested them. 

A bacteriophage virulent for B. paratyphosus B is frequently found 
in the intestinal tracts of man and animals, a vinilence for this bacillus 
Ixjing extremely common, being exceeded in frequency only by that for 
B. dysenleriae (d’llerelle”^). 

Upon a few occasions I have obtained resistant colonics assuming the 
viscous and flowing fonn of the bacillus of Friedliinder. 

Jf. B. snipeslifer {Balniondla suipestifer) 

I have isolated a bacteriophage virulent for this bacillus from th<‘ 
stools of a nonnal man. With a moderate virulence for a strain of 
B. suipestifer it was without virulence for organisms of the colon- 
typhoid-dysenterj'^ grouj). I have also isolated bacteriophages virulent 
for B. suipestifer from the intestinal contents of normal horses, but 
these races have shown an accessory' virulence for B. dyseulenaej^’^’^^^ 

5. B. enteritidis {Sulinoneila evteritidis) 

Upon several occasions I have found bacteriophages virulent for 
either B. typhosus or the paratyphoids A or B, to be virulent for certain 
strains of B. enteritidis also. Frequently I have isolated such races 
from the excreta of animals.'”’ 

0. B. typki murium {Salmonella iyphi-murium) 

Races of the bacteriophage virulent for B. paratyphosus B occasionally 
possess some degree of virulence for this bacillus. I have isolated 
very active strains from the intestinal tracts of white and gray rats 
which were resistant to the expcritnental disease caused by the ingestion 
of cultures of B. typhi murium. 

Certain resistant colonies arc composed of bacilli which are very viru- 
lent and they may be, under certain circumstances, utilized for the 
destruction of gray rats, which, as a rule, resist the ingestion of the 
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ordinary virus. On the other hand, it is conceivable that human infec- 
tion might occur because of this enhanced virulence.* 

I have demonstrated the presence, veiy transitory however, of a 
virulent bacteriophage for this organism in the blood of several white 
rats which resisted a laboratory infection.^^i 

7. B. coli {Escherichia coli) 

Under normal conditions races of the bacteriophage virulent for 
B, coli will be found in the intestinal tract of all animals (d'Herelle***^^). 

B. coli normally occurs as a mixed culture in the intestine, always 
possessing a resistance at the time of its isolation. It is necessar*}’’ then, 
after purification by colony isolation, to carry it through a series of sub- 
cultures in order that it may lose this acquired resistance. 

On several occasions we have seen that bacteria undergo mutations 
through the influence of the bacteriophage. Symbiosis with the 
bacteriophage being a normal state for B. coli in the intestine, the 
species of B, coli in its entirety is a mutant species. It is for this reason 
tiiat B. coli is the most heterogeneous of all bacterial species and that 
each strain possesses its own peculiar characteristics as is shown, among 
other things, by the serum reactions. 

Mter a series of subcultures and the loss of the acquired resistancef 

* As I have already stated^^^ a really elTecf ive campaign against rata can not 
be carried out by means of a bacterium. It is necessary to utilize an iiltravirus 
and that for the following reasons, which have ])eeii discussed in detail in the work 
cited. Bacteria never cause an experimental contagious disease, even when the 
natural disease attributed to this organism is fatal in highest degree. Ex- 
perimental cholera of fowls for e.xainple, is not contagious. On the contrary all 
of the experimental diseases caused by ultra-viruses have the same degree of 
contagiousness as the natural disease, A recently disclosed fact oilers some sup- 
port to my idea. Avian plague has been, up to the present time, unknown in 
America. A bacteriologist there received from the Pasteur Institute in Paris 
some of the plague virus and contami?iatod .amio chickens. The disease did not 
remain localized to the infected farm-yard, but extended rapidly, ai^d after a 
few months it had actually become disseminated over several states. American 
bacteriologists had an excellent opimrtunity to study the propagation of an 
epizootic. They should have proiited by this, for such an opportunity is en- 
countered hut rarely. 

But tt return to the (picstion of rats, an experiment would be easy to carry 
out since Novy has succeeded in isolating an ultra-virus pathogenic for this 
animal. 

t We know that at the time of isolation a mixed culture, cither naturrd or 
artificial, gives three kinds of colonies; mixed colonies, ultra-pure susceptible 
colonies, and ultra-pui-e resistant colonies, the degree of resistance passing, ac- 
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bacteriophagy with B. coli takes place in a manner identical to that with 
B. dysenteriae. 

The resistant forms have been studied in particular by Bordet and 
Ciuca, and by Gratia, and their papers have been analyzed at length 
in the chapter dealing with resistance of the bacteria. They will not be 
considered again here. 

8, The pneumobaciUus of Friedlnnder {Encapsulatus pneumoniae) 

Caublot^-*^ having isolated a Friedliinder bacillus from a blood culture 
and having shown that it presented all of the characters of the species 
attempted to find in the stools of the recovered patient (one month 
after his discharge from the hospital) a bacteriophage virulent for the 
oi^anism isolated from the circulation. As a matter of fact he found a 
bacteriophage having at fir.st a moderate virulence but after a few pas- 
sages causing complete bacteriophagy of a bouillon suspension. When 
spread upon agar it gave characteristic plaques. Its virulence ex- 
tended to other strains. The author states, without any further descrip- 
tion, that the secondary colonies on agar are formed of atypical bacteruil 
elements. 


9. The baciUus of Flacherie* 

Races of the bacteriophage virulent for this bacterium are frequently 
encountered in the intestinal tracts of healthy worms found in infected 
establishments (d’Herelle^'O. The activity of such a bacteriophage 
has been found to be the same for 3 strains of the bacillus isolated from 
the intestines of sick worms. Nevertheless I would classify this bac- 
terium among the heterogeneous species for the tests have not been 
sufficiently numerous with regard to the number of strains involved to 
affirm that it is homogeneous. The same may also be said with regard 
to the bacillus of Friedliinder. 


cording to the colonies, from a refractory state to a state of low resistance. From 
the first isolation one may olitain, then, susceptible colonies but they are hardly 
different in appearance from ultra-pure resistant colonie.s and in order to avoid 
error it is always wise to make a scries of subcultures in order that a possible 
resistance may be Inst. 

* Flacherie of silk worms docs not seem to be a single disease. Several bac- 
terial species appear to produce diseases manifesting the same characteristics. 
The flacherie which I observed occurred in the silk worm establishments of Indo- 
China. 
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10. B. proteus (Proteus vulgaris) 

I have found two races of bacteriophage which were very virulent for 
this organism at the time of isolation from the stools of two infants who 
had died of infantile cholera.*^ We will later say more with regard to 
this point. When tested against a dozen strains of B. proteus only 3 
were found to be susceptible and they were the same ones for each of 
the two races. Two strains of B. proteus X19 were refractory. 

A bacteriophaged suspension, freed of bacilli by filtration, is extremely 
toxic for rabbits immediately after the dissolution of the bacilli. The 
subcutaneous injection of 0.5 cc. causes death within a few hours. 
After about 10 days the toxicity has diminished to almost nothing, 
and at this time the rabbit survives the intravenous injection of 2 cc. 
(d’Herelle*2i). 

In the urine of a patient suffering from typhus fever Otto, Munter 
and Winklcri®’ found a bacteriophage virulent for B. typhosus, which, 
after two passages, acquired a virulence for B. -proteus Xis. In another 
case, also of typhus fever, they found a race of the bacteriophage which, 
after a few passages with the Flexner dysentery strain, was virulent for 
B. dysenteriac Shiga, for the Hiss strain, and for B. proteus X i». Un- 
questionably these races had a virulence for the proteus strain when 
they were isolated, and the virulence was enhanced for B. proteus 
X 19 simultaneously with that for B. typhosus in the first case and for 
the dysenteiy bacilli in the second. 

Fejgin*®®'®®^'*®* has studied bacteriophagj'' and the bacterial forms 
isolated from secondary cultures of B. proteus X 19 . TTnfortunately she 
did not determine whether she was dealing with contaminated resistant 
strains or with ultrapurc strains, either resistant or susceptible. 

Fejgin first isolated a bacteriophage from an old culture of proteus 
Xi9 obtained from Weil’s laboratory. After about 15 passages it 
brought about the dissolution of a suspension within 6 to 8 hours. The 
filtrate contained from 3 to 6000 million bacteriophage corpuscles per 
cubic centimeter. 

Plantings of secondary cultures on agar yielded five strains, with 
which the colonies were respectively irregular, round, opaque, white, 
and chromogenic. 

Among the white strains she observed tw'o types: short rods with 
very little motility and rod-shaped organisms that w'ere very motile. 

Of three chromogenic cultures tw’o w’ere a bright yellow, 1 a canary 
yellow. All three strains liquefied gelatin slowly along the line of punc- 
ture but they caused no reaction with sugars nor on milk, and did not 
produce indol. 
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For the first two strains, both bright yellow, she found in smears, 
along with the fine bacilli, some long, tortuous filaments, but all were 
motile and were Gram-positive. With the canai'y yellow strain growth 
was luxuriant and spreading, extending rapidly over the agar. ITiis 
culture was formed of minute bacilli only slightly motile. All of the 
organisms were alike: they were Gram-positive. W*ith all three strains, 
the pigment was soluble in alcohol. 

The three chromogcnic strains were agglutinated by the sera of rabbits 
prepared by injections of cultures of proteus X 19 . With one of the 
two bright yellow strains agglutination occurred in a dilution of 1 : 1600, 
with the other strain of thi.s tyi)e and with the canary yellow strain the 
titre was only 1:200. I’ejgin prei)ared rabbits by injections of these 
three strains. ICach of the throe sera agglutinated the original proteus 
Xi 9 strain to a titre of 1:.3200. 'ITio antigenic power, therefore, re- 
mained intact' although agglut inability was strongly diminished, at least 
for two of the three strains. In an}" case these interesting experiments 
indicate that there are aotujilly mutant forms of li. proteus, 

Fejgin had previously isolated different mutant forms from guinea- 
pigs infected by injections of proteus Xto. With these strains positive 
serological reactions were obtained with the sera of rabbits prepared by 
injections of the mutant strains obtained in vitro through the action of 
the bacteriophage. The ( astcllani reaction demonstrated an almost 
complete identity for the mutants pro<luced in vivo and those obtained 
in vitro. 

In agreement with this author we must conclude that through the 
action of the bacteriophage abrupt mutations take place and that for 
B. proteus X 19 these mutations are stable and heritable. 

t1 . The hacUlus of simie fever 

A bacteriophage vinilent for this organism has been isolated by 
Btirgers and Bachmann''"” from an old, naturally mixed culture. They 
have observed pla(iuc.s on agar but the bacteriophage was lost in the 
course of a series of passages. 

l,i. H. (li phtheriae, (Gorynabneteriuvn diphtheriac) 

I have isolated two races of the bacteriophage, vinilent solely for 
atoxic strains of tliis bacillus, from the excreta of two horses immunized 
by the injection of cMltnrcs of diphtheria bacilli.''"* 

Blair’'® has isolated races of the bacteriophage vinilent for Coryne- 
bacterium diphtkeriae by different methods. He gave a guinea-pig an 
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intraperitoneal injection of a culture of a diphtheria bacillus of low 
toxicity. After 4 days he isolated from the intestinal contents a 
bacteriophage which proved to be avirulcnt for the strain injected and 
for three other toxic strains, but virulent for one atoxic strain. From 
another guinea-pig, which died 40 hours after a subcutaneous injection 
of a very toxic bacillus, he isolated a bacteriophage which was but 
slightly active on 7 strains and inactive with 3, among which was the 
strain injected. 

He procured on 3 different occasions races from the stools of an infant 
convalescent of diphtheria. One of these filtrates contained a bacterio- 
phage active for the strain isolated from the patient and for 7 other 
strains, of which 3 were toxic. A second filtrate was active upon 5 
strains and inactive with three others. The third filtrate was devoid 
of all activity. 

He also isolated virulent bacteriophages from the peritoneal exudates 
of guinea-pigs which had previously received an intraperitoneal injec- 
tion of a diphtheria bacillus culture. Here the intestinal contents also 
contained the bacteriophage. And, finally, attempting to isolate races 
of the bacteriophage from old cultures of Corynehacterium diphtheriae 
Blair found one strain which yielded a filtrate possessing a weak activity. 

The majority of the bacteriophages isolated caused bacteriophagy 
also with different organisms of the colon-typhoid-dysentery group.* 

13. Nodule bacteria of the Leguvvinosae {Rhizohium radicicolum) 

Gerretsen, Gryns, Sack, and Sr)hngen,228 in a remarlxablc contribution 
which has, it would appear, passed unnoticed, have described their 
experiments upon bacteriophagy with Bacterium radiewolum. 

They worked upon nodules derived from the roots of clover, of lupin, 
and of sarrandclla. These nodules were first of all washed in a solution 
of sublimate, 1 : 1000, and then they were passed successively through 

* Blair refers in his paper to a note of Botez®® in which this author pretends 
to have induced the formation of bacteriophages by the action of methyl violet 
on cultures of various bacteria, Corynehacterium diphtheriae among others. I 
do not know what Botez regards as bacteriophagy but in any case I am able to 
affirm, on the basis of many experiments, that his conclusions are erroneous. As 
a matter of fact several investigators, of whom Polettini Bnino®^^ and Tomaselli®®® 
were among the first, have refuted the work of Botez and the latter has not sub- 
stantiated his claim. It is extremely unfortunate that such errors should pass 
from paper to paper. It would seem to me that the first thing to do when one 
encounters a contested point, and especially when the author does not support 
this point, is to verify the finding before holding it established. 
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alcohol and through sterile distilled water. Fragments of these nodules, 
cut up with sterile instruments, were then distributed over solid media 
which had previously been seeded with a culture of B. radidcolum, 
derived either from clover, lupin, or sarrandella. 

They found, after incubation, a zone of clarification attaining a 
diameter of from I to 2 cm. around the fra^ents of nodule. This 
activity was specific, that is to say, the nodule fragments from lupin 
were the center of a plaque with the culture of B. radidcolum derived 
from lupin, while the culture was normal when the bacterium was 
derived from clover; muiaiis mutandis. 

^'hey also ground up these nodules with sterile saline in a mortar and 
filtered the material through a candle. By this procedure they isolated 
very virulent bacteriophages, usually specific. The filtrates brought 
about a dissolution of the bacteria, but rather slowly, requiring about 
10 days at ordinary temperature. Nevertheless, it was complete, w'hile 
after this same interval the controls were very turbid. When drops 
of the filtrate were placed on agar no colonics developed within the area 
covered by the drop. When suspensions, to which a small quantity 
of the filtrate had been added, were spread over an agar surface plaques 
appeared after incubation. It may be added that the paper is accom- 
panied by i)hotographs which show beyond question that the reaction 
was a ty[)i(!al bacteriophage i)henomenon. 

Among the races isolated they found some whose action extended to 
strains of B. radidcolum other than those isolated from nodules of the 
same plant. A race of bacteriophage isolated from clover nodules 
pos.sesscd a weak but nevertheless definite \drulence, for a B. radidcolum 
strain isolated from the bean. A bacteriophage isolated from lupin was 
weakly virulent for strains of B. radidcolum isolated from the clover 
and from the bean. On the contrary B, coli, Asotobacter chromaceum, 
Radiobacter, B. Jluorescens liquefadens and B. violaceus were absolutely 
insusceptible to any of the races of the bacteriophage isolated. 

In three attempts out of seven they isolated bacteriophages from the 
stalks-of the clover virulent for the B. radidcolum present in the nodules 
of the roots. All attempts to isolate them from the leaves were un- 
successful. Working with 100 gram samples of garden soil and of cul- 
tivated earth they obtained virulent races of this bacteriophage but 
with forest earth and with uncultivated soils their results were uniformly 
negative. 
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14 . B. subtilis 

I have isolated a race of the bacteriophage virulent for B. subtilis 
from the stools of a patient sick with dysentery. The virulence was 
high. After 6 hours at a temperature of 37’C. dissolution was complete 
when it was added to a slightly turbid suspension prepared from a 
bacillus grown from 12 to 14 hours on agar. Within 12 to 15 hours after 
the dissolution was complete a secondary culture began to cloud the 
medium. When spread upon agar characteristic plaques developed.^-* 

15. Vibrio cholerae (Vibrio comma) 

Of about 100 cases of cholera which I studied in Indo-China I have 
seen only one which recovered. 

In none of the fatal cases have I been able to demonstrate a bacterio- 
phage virulent for the cholera vibrio. In the single convalescent which 
I have seen a filtrate of a stool taken at the moment when the symptoms 
improved added in the amount of 0.25 cc. to 10 cc. of a suspension of 
cholera vibrios did not “apparently” cause bacteriophagy, but when 
spread on agar immediately after the addition of the filtrate there 
appeared, after incubation, about 50 plaques which had a diameter of 
about 2 mm. and which were perfectly characteristic. The bac- 
teriophage was therefore present in the stools. In spite of numerous 
attempts I have not been able to cultivate it serially .*“*1 It is interestmg 
to discover the reason for this fafiure. 

Jotten®^* has isolated a bacteriophage from an old cuiiure of the 
cholera vibrio. 

Meissner, working in the laboratory of Prausnitz, has isolated a 
bacteriophage virulent for Vibrio cholerae and for the Tor vibrio from 
the peritoneal exudate of a guinea-pig which had previously received an 
intraperitoneal injection of a mixture of Vib- w cholerae, the Tor vibrio, 
and an anti-cholera serum. ' 

In another attempt Meissner obtained a bacteriophage by the same 
method injecting the I'or vibrio alone. At the beginning the virulence 
was weak but after a few passages a complete dissolution of a suspension 
was obtained with a dilution of 10“*. Dissolution was complete after 
12 to 15 hours, but at the seventeenth hour a secondary culture ap- 
peared wluch rapidly clouded the medium. At the twenty-fourth hour 
the turbidity was practically the same as that of a control culture. 

This author has also obtained a virulent bacteriophage by combining 
in vitro a mixture of the peritoneal exudate of a guinea-pig (obtained 



262 


THE BACTERIOPHAGE AND ITS BEHAVIOR 


by the previous injection of sterile bouillon) and an anti-cholera Serum 
together with a culture of the cholera vibrio. 

Meissner states that the bacteriophage must be present in the intes- 
tinal tract of the guinea-pig and pass through into the peritoneal 
exudate because of the irritation caused by the injection. Flu^^® has 
suggested that we must not overlook the possibility that the strain of 
cholera vii^rio used in the experiment may have been naturally con- 
taminated by a bacteriophage, that is, that it was a naturally mixed 
culture. I am in accord with this view of Flu, particularly because of 
my experience during 1918 and 1919, when, being very anxious to 
obtain a Cholera-bacteriophage 1 subjected a great many guinea-pigs 
to this test and alwaj^s failed. The technique which I employed re- 
sembled that of Meissner but the strains of vibrio which I used were 
ultrapure. 

Flu^^o hag isolated a bacteriophage from a naturally mixed strain. 
Here is the summary given by him in his paper. 

The author has isolated an anti-cholera bacteriophage from a pure culture of 
Vibrio chokrae, Tlie bacterial strain had been isolated in 1915, from the stools 
of a patient in Java. 

In order to isolate the bacteriophage the strain was cultivated upon an agar 
slant and the growth was sus])endcd in a small amount of bouillon. The suspen- 
sion was combined with an ociual (luantity of anhydrous sodium sulphate, thus 
forming a dry mass. This mass was ground for a half-hour and suspended in 100 
cc. of l)Ouillon (pll 7,5). The susi)cnsion was then heated for an hour at SS^'C. 
and distributed in 10 cc. portions among 10 flasks, each of which contained 100 
cc. of bouillon and one loopful (d an IS-hour culture of a strain of cholera vibrio 
differing from the ground up strain. After incubation for 1 or 2 wrecks the ma- 
terial was filtered through a candle and the filtrate was tested for a bacteriophage 
against 10 strains of the cholera vibrio. 

Of the 10 strains examined one was found to be infected by the anti-cholera 
bacteriophage. 

The anti-cholera bacteriophage is very sensitive and can not be cultivated 
with lysogenic strains. 

In order to cultivate and ])rescrve this bacteriophage it is necessary to inocu- 
late bouillon with strains which are readily lysible and to use but a very small 
amount of an 18-hour culture. This should be placed in the incubator and 
should be watched continuously from hour to hour. When the tube containing 
the bacteriophage is clear it should be filtered through a candle and a new in- 
oculation of bouillon with the filtrate should be made. 

The bacteriophage became very active, still giving lysis in dilutions up to 10”^ 
but it remained entirely inactive for the strain from which it had been isolated. 

For the cultivation of an anti-cholera bacteriophage from the feces of a cholera 
patient, it is suggested that the feces be diluted with saline (0.9 per cent), 
that the material be heated for an hour at 68®C., and that the cooled liquid be 
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iiAplanted with laboratory strains of the cholera vibrio. - After an incubation 
period of from 2 days to 1 week the liquid should be examined for its action upon 
the laboratory strains of the vibrio. 

It might be added that after some 10 passages according to the pro- 
tocols given by Flu, he obtained a complete dissolution of a suspen- 
sion containing 200 million cholera vibrios per cubic centimeter within 
a period of from 3 to 5 hours at a temperature of 37°C. Within 1 to 
2 hours after the liquid became completely cleared, the medium again 
began to become clouded because of the formation of a secondary culture 
and a few hours later the medium was as turbid as was the culture control. 

In a word, then, with the race isolated by Flu dissolution was very 
rapid; as rapid as is the bacteriophagy of B. dysenteriae under the action 
of a bacteriophage of maximum vinilence. But secondary cultures 
began to develop almost immediately. If one waits about 12 hours 
(as I had done in Indo-China where I observed the suspensions inocu- 
lated in the afternoon on the following morning) in order to determine 
if bacteriophagy has occurred, the secondary culture already developed 
will lead one to think that he is dealing with a normal culture. 

It does not appear, however, that with all races of the bacteriophage 
virulent for the cholera vibrio secondary cultures develop quickly. 
Eliava has informed me that in 1918, before he had seen any published 
work upon the subject of bacteriophagy he had observed during an epi- 
demic period, that certain specimens of water from the river Koura 
w hich passes Tiflis brought about a complete and permanent dissolution 
of cultures of the cholera vibrio. In these cases, then, secondary cul- 
tures did not occur. \^Tiether they do, or do not develop is simply a 
question of the virulence of the race of bacteriophage. Moreover I have 
noted that as a usual thing the virulence of bacteriophage races isolated 
from old naturally mixed cultures is never strongly enhanced by passages 
with a susceptible bacterium. Usually iXio virulence becomes fixed at a 
moderate value, rarely very high, beyond which it is impossible to 
increase it. There are, indeed, few races of the bacteriophage which are 
capable of acquiring a maximal virulence. This is, as a matter of fact, 
a general law applicable to the virulence of pathogenic bacteria as well 
as to the bacteriophage; not all strains or races are capable of becoming 
enhanced to the same degree. 

When a suspension inoculated with a few corpuscles is spread upon 
agar characteristic plaques appear after incubation. 

The virulence of the bacteriophage isolated by Flu extendeti over a 
great many strains of vibrio, but he found, nevertheless, ultrapure, 
naturally resistant strains. 
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In 1924, during the return of the pilgrims from Mecca, while they were 
quarantined at the lazaretto at Tor, I isolated from the stools of one of 
these pilgrims (although he showed none of the symptoms of cholera) 
a vibrio which agglutinated with an anti-cholera serum to its titre. It is 
significant that there was no epidemic* at this time. While held in the 
lazaretto the stools of this pilgrim were examined every 48 hours. 
After a time the stool revealed a non-agglutinating vibrio, and after a 
further 48 houis all of the vibrio.^ had disappeared.! 

The vibrio susceptible to agglutination was bacteriophaged perfectly 
by the bacteriophage isolated by Vlu; while the vibrio which was inagglu- 
tinable, isolated 48 hours later, was refractory. At this time the 
intestinal contents contained a bacteriophage having a high virulence 
for the agglutinable vibrio. This virulence was very specific, for when 
it was tested against six strains definitely known to be Vibrio cholcrae, 
it was without action. 

IG. The skiphylococniis 

There are many authors who attribute to Tw'ort the discovery of a 
bacteriophage virulent for the staphylococcus. Unquestionably Twort 
should receive the ci*edit of having discovered the tirst bacterial trans- 
formation to take place serially but it is quite impossible that this 
process is bacteriophagy, for according to his own description the 
phenomenon which he observed was not a dissolution of the bactiu-ial 
bodies but simply a fragmentation. The culture layer on agar became 
transformed into a vitreous layer formed of granules, staining red by 
Giemsa. 1 do not understand hoiv it is possible that such a jihe- 
nomenon, termed by Twort the “breaking down of bacteria,” that is, a 
“bacterioclysis,” can be likened to bacteriophagy which is a phenomenon 
characterized by a “dissolution without residue.” No one has adva need 
the least explanation to reconcile these facts. Everjmne has bc-m 
satisfied with afiirming that there is a likeness without offering any 
proof and without any discussion. 

In a word, for Tw'ort to claim priority insofar as the obscr\'ation that 
a serial phenomenon occurs is absolutely just, but that he should affirm 
that what he observed was bacteriophagy is absolutely contradicted 

* For more than 10 yearn no case of cholera has I)ccn found at the quarantine 
station at Tor nor has any case been observed in the lledjaz. 

t Crendiropoulo has noto<l that tiie same thing takes i)lacc in the course of 
epidemics where he observed the phenomenon on numerous occasions. A carrier 
virould show an agglutinable vibrio; then a vibrio that agglutinated less vigor- 
ously, then one which was inagglutinablc, and finally the vibrios all disappeared. 
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by his own description. I would refer the reader to the introduction 
of the present volume where I have incorporated, in extensOf the descrip- 
tion of the phenomenon given by Twort. 

The only objection which might be made is this: that the phe- 
nomenon of bacteriophagy, that is to say, the attack of the bacterium 
by the bacteriophage, may manifest itself with Gram-negative bac- 
teria by a dissolution and with the Gram-positive bacteria by a simple 
fragmentation. Gratia (without questioning this, however) has shown 
that this objection can not be considered for he has shown that a true 
bacteriophagy of the staphylococcus occurs in absolutely the same way 
as bacteriophagy with other bacteria, with the Shiga dysentery bacillus 
for example. 

It is, then, Gratia^^^ who unquestionably should be credited with 
first demonstrating a bacteriophage virulent for the staphylococcus and 
who, at the same time, clearly proved that bacteriophagy manifests 
itself in an absolutely identical fashion for both Gram-positive cocci 
and for Gram-negative bacilli. 

Gratia^^® has the further merit of discovering a race of the bacterio- 
phage attacking all strains of the staphylococcus; — albus, aureus, and 
even citrous, and as I have shown, M, tetragenous also. With such a 
bacteriophage, a bacterial species so heterologous as are the staphy- 
lococci, behaves exactly like a homologous species. 

I will not describe here bacteriophagy with the staphylococcus; the 
characteristics of the phenomenon are identical with those observed 
with the bacilli, l^'urthermore, in the majority of instani.es I have used 
the dysentery bacillus and the staphylococcus as examples in the experi- 
ments illustrating the facts presented in Part I of this text. 

The staphylococcus may acquire a resistance just as do the other 
bacteria. Put with staphylococci this phenomenon presents a single 
interesting peculiarity. In artificially mixed cultures (that is to say, 
in those composed of staphylococci with an acquired resistance and 
bacteriophage corpuscles) along with typical staphylococcus forms 
isolated cocci, diplococci, and chains of a few elements may be seen. 
By the serial cultivation of a Staphylococcus aureus possessing an ac- 
quired resistance in pure suspensions of the bacteriophage (the poly- 
virulent strain II of Gratia) I have obtained cultures formed of fine 
sedimented agglutinates, the medium remaining clear. Under micro- 
scopic examination one secs only isolated cocci, diplococci, and strep- 
tococcus-like chains, the longest being composed of 11 elements, but there 
is no arrangement of cells resembling a typical staphylococcus grouping. 
Transfers of these cultures to agar remain sterile. 
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This is not, however, a fixed mutation, for transplants into bouillon, 
result in the growth of the ordinary forms characteristic of mbced 
cultures, — isolated cocci, diplococci, chains of 4 to 5 elements, and small 
masses. These mixed cultures strongly suggest a mixture of staphy- 
lococci and streptococci. 

This observation suggests the following possibility: Is not the 
“streptococcus” the result of an irreversible mutation of the staphylo- 
coccus, a mutation brought about through the action of a bacteriophage? 

17. The enterococcus 

A bacteriophage virulent for this organism has been isolated by Beck- 
erich and Hauduroy®® from the excreta of a horse. The race isolated 
was also virulent for some strains of B. coli and for B. dysenlerme Hiss, 

18. The streptococcus (Streptococcus pyogenes) 

Piorkowski®-6 has isolated a bacteriophage vimlent for this organism. 
I have also found one in the excreta of a home. When isolated it 
possessed a virulence, although weak, for a strain of the streptococcus 
of strangles. It was impossible for me to enhance the virulence of this 
race and it was finally lost, in the course of passages. McKinley,^" 
as well as Eichhorn, have also isolated races active for the streptococcus. 

(Such are the bacteria which, up to the i^resent time, have been recog- 
nized as susceptible to bacteriophagj'. Is the list completed? It is 
hardly probable. 

3. Phenomena .simtjlatino nAcTEKiopirAGy (pseudo-baoteriophagy) 

In finishing this chapter T may mention two phenomena reported as 
being due to bacteriophagy, but which, as a matter of fact arc entirely 
different. 

Lemos Monteiro,*®^ then Kraus and Gomez,^®® and later Pico®*'^ have 
described as bacteriophagy the partial clearing ol>servcd in bouillon 
cultures of B. nnthracis. Upon several occa.sions 1 have observed this 
phenomenon (while al tempting to obtain a vimlent bacteriophage for 
the anthrax bacillus) and have obtained it by adding to a young bouillon 
culture of B. anthrncis a large amount of filtrate from a culture of this 
same organism. The clearing is strictly [uoportional to the (piantity 
of filtrate added. If, to 10 cc. of a culture, less than a cubic centimeter 
of filtrate is added no appreciable clearing can be detected. Further- 



BACTERIA SUSCEPTIBLE TO BACTERIOPHAGY 


267 


more (and this was recognized by Lemos Monteiro and by Kraus) 
such a culture containing added filtrate spread upon agar yields nothing 
having the appearance of plaques. 

This phenomenon does not present any of the characters of bacteri- 
ophagy, but is a reaction which has been studied for a long time by many 
authors and was first described by Gamaleia. As a matter of fact, 
Pesch®'"’ has dealt with the erroneous interpretation of this phenomenon 
in a recent paper entitled “The Anthrax Pseudo-bacteriophage.” 

A number of authors, of whom Quiroga was the first®'** have described 
a phenomenon taking place in agar cultures of B. pyocyaneus, and again, 
this reaction has been likened to bacteriophagy. Some of those who 
have observed this change appear, however, to have some doubt on this 
point, for example, Combiesco and Magheru*'*® speak of it as a phe- 
nomenon “resembling bacteriophagy.” 

Hadley,®** in particular, has studied this transformation in pyocyaneus 
cultures, and it has been found to take place with a very large number of 
B. pyocyaneus strains. When cultured on agar spots appear having an 
irridcscent lustre. These for a time gradually extend and finally end 
by being re-covered by the surrounding culture. Within the area of 
the spots the agar is not bare but is covered by a layer which is vitreous, 
transparent, and greenish in color. Examined under the microscope 
this vitreous material is found to 1x5 composed of fine granules which 
stain red by the Giemsa method. The vitreous material, filtered 
through a candle, appears to induce the formation of irridescent spots. 
I say “ajjpears to,” for strains spoken of as “susceptible ' produce these 
same areas spontaneously without the addition of filtrate. 

This is by no means a phenomenon of dissolution but is rather a 
phenomenon of fragmentation.* It appears, comparing this description 
with that of the Twort phenomenon, that it is due to the phenomena of 
bacterioclysis discovered by Twort. 

But, one might ask, can not the two phenomena be caused by the 
same principle? We have seen that this obieetion can not be raised 
with regard to what takes place with the staphylococcus since Gratia 
has shown that this organism shows, when acted upon by the bacteri- 
ophage, net the phenomenon of bacterioclysis of Twort, but the phe- 
nomenon of bacteriophagy and this proceeds in a manner absolutely 
identical with that which occurs when the bacteriophage reacts upon 

♦ Those writing upon vhis subject, Hadley among others, naturally speak of 
“lysis,” a term which no longer has .my precise meaning in biology. Certainly 
this term is very convenient, partly because of its lack of precision.' 
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B. dysenteriae. There are, then, two “diseases^' affecting staphylococci, 
the one probably '^organic’' and caused by a change of an enzymatic 
nature, — the phenomenon of bactcrioclysis of Twort. The other is 
certainly of an infectious nature, as is proved by the data to appear in a 
later chapter,— this is the phenomenon of bacteriophagy. 

Do both of these phenomena take place with B. pyocyaneus? It is 
very probable. But however that may be, insofar as the phenomenon 
of bacterioelysis of B, pyocyaneus is concerned, we have absolute 
proof that it is not due to a bacteriophage. We will see, as a matter of 
fact, in a later chapter, that all bacteriophages, whatever may be the 
race to which they belong and whatever may be the bacterium at the 
expense of which they reproduce, p^iss through collodion ultra-filters 
if the pores are sullicicntly open to permit the passage of the serum 
albumin micella.* But the agent which causes the phenomenon of 
irridescent spots on B, pyoaja turns cultures does not pass through collo- 
dion filters, as shown first by 01 to and Munter.'^'-^^ These authors have 
not, how’ever, drawn any deductions from this fact. I have investigated 
the question and I have shown that the diameter of the particles which 
are responsible for this phenomenon is far greater than that of the 
bacteriophage corpuscles. Taking as test material a mixture of races 
of the bacteriophage active for B. dysenteriae, B. colt, B, typhosus, B, 
pestis, and the stajdiylococcus, all of the races pass through or all do not 
pass througli, depending on the size of the pores. I have then added 
to this mixture of bacterio])hage races the ^’principle’’ responsible for 
the phenomenon of bacterioelysis with B, pyocyaneus and I have never 
found this to pass through. Seven strains of B. pyocyaneus, all giving 
these irridescent spots, have given uniformly negative results. 

Therefore, the phenomenon observed with B. pyocyaneus can not be 
bacteriophagy. Its manifestations are entirely different and it is 
caused by a principle which lacks the characteristics of the bacterio- 
phage. The principle is certainly associated in some way with the func- 
tion of pigment in-oduction, for all strains which produce jiyocyauin 
show these iridescent spots upon agar, their number, and their extent 
as well, being related to the quantity of pigment produced. 

♦ Some authors do not ai>poar to realize that the size of the )>ores depends upon 
the mode of preparation. Tliey .speak of membranes without specifying the size 
of the pores. To say, as certain authors have said, that *‘the bacteriophage docs 
not pass through collodion membranes^’ is exactly the same thing as saying “mice 
can not pass through holes.” In one case, ju.st as in the otlier, it is necessary to 
specify the size of the hole wliich restricts the passage. 
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Recently Lisch*®® has made a careful study of this question and has 
concluded that the phenomena observed with B. pyocyaneus, and de- 
scribed by so many authors under the name of a bacteriophagy, has, 
in reality, nothing whatever to do with the true bacteriophagic process. 

The studies made up to the present time show that the following 
bacterial species are susceptible to bacteriophagy: 


B, dysenteriae Shiga (d’Herelle““) 

B. dysenteriae Hiss (d’Herelle®®) 

B. dysenteriae Flexner (d’Herelle*^®) 

Various intestinal bacilli (d’llerelle®*') 

B. galliruirum and related organisms (d’Herelle*'*'®“*) 


Pasteurella bovis 
B. pestis 
B. typhosus 
B. paratyphosus A 
B. paratyphosus B 
B. suipestifer 
B. enteritidis 
B, typhi-murium 
B. colt 

Bacillus of Friedlander 
Bacillus of Flacherie 
B. prote\is 

Bacillus of swine fever 
B. diphtheriae 
Nodule bacteria of leguminosae 

B. subtilis 
Vibrio cholcrae 
Staphylococcus 
Entei’ococcus 
Streptococcus 


(d’Herelle’^) 

(d’Herclle»2*) 

(d’IIerelle»‘*) 

(d’Herelle«‘«) 

(d’llerelle^**) 

(d’Herelle^®) 

(d’Herelle!>«) 

(d'Herelle»-i) 

(d’llerelle^^) 

(Caublot“0 

(d’Herelle®'**) 

(d’llerellc'"^) 

(Burgers and Bachmann“‘) 
(d’Herelle*®!) 

(Gerretsen, Gryns, Sack, and 
•‘^ohngen*^®) 
vd’IIerelle”®*) 

(dMIerelle='-0 

(Gratia-^) 

(Beckerich and Hauduroy*®) 
(Piorkowski®®®) 
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THE BACTERIOPHAGE 




CHAl^TER I 

The Behavior of the Bacteriophage Toward Different Agents 

1. THE PHYSICAL STATE OP THE BACTERIOPHAGE 

I will not revert here to the question of the corpuscular nature of the 
bacteriophage, since this subject has been discussed at length in Part I. 
Moreover, the demonstration that I have given has not been disputed. 
Everyone has accepted this fact, whatever their concept as to the inti- 
mate nature of the corpuscle itself.* 

A suspension containing more than 10,000 million corpuscles per 
cubic centimeter is perfectly limpid, not only after it has been passed 
through a filter candle but even immediately after bacteriophagy, 
provided dissolution is brought about through the action of a bacterio- 
phage of maximum virulence. 

When a ray of light is passed through a perfectly clear suspension 
of the bacteriophage the Tyndall phenomenon may be observed. 

At first I believed that the fine granules, appearing as brilliant points 
when a bacteriophage suspension is observed under the dark-field, must 
be the bacteriophage corpuscles. Exceptions were taken to this view, 
and apparently quite correctly, for further study indicate*? that these 
granules are certainly derived from the dissolved bacteria. If a sus- 
pension is allowed to sediment for a few weeks, the supernatant fluid 
becomes free of granules capable of detection by dark-field examination, 
despite the fact that this fluid contains an abundance of bacteriophage- 
corpuscles. 

Additional evidence is afforded by the repeated examination of a 
bacterial suspension which has undergone bacteriophagy, for it is found 
that although these brilliant points are veiy abundant immediately 
after the dissolution is finished, they diminish rapidly. After three 
days only one or two can be found in each field. Thus, they are most 

* Doerr alone, as I have already stated, has hesitated to commit himself. He 
has, however, shown that the bacteriophage principle does not pass through 
tight collodion membranes. If a body does not pass through such a membrane it 
is obviously because it is not in solution, but is in suspension; for it must be in 
either one or the othei of these states. And if it is found as a suspension it is 
formed of corpuscles. 
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certainly granules derived from the bacteria, granules which are as yet 
undissolved. 

As for the grmiulcs which are to be seen within the bacteria during the 
process of bacteriophagy, many observations but add to my belief that 
they are bacteriophage corpuscles, or masses of corpuscles, visible 
because of the difference in refraction between the substance of the 
corpuscles and that of the bacterium. 

Fillrabilitij 

Because of the following experiment, I believe**^ - the bacteriophage 
corpuscle to be about the same size as the molecule, or perhaps it would 
be better to say, the micella, of serum globulin. 

To 100 cc. of physiological saline 10 cc. of a Shiga-bacteriophage fil- 
trate and 2 cc. of an ant i-iet anus serum were added. A few cubic 
centimeters of this mixture were placed in each of a number of sacs, 
prepared of collodion in such a w^ay that the sacs of the series possessed 
an increasing scale of i)ermeability. Each sac was dialyzed against 
physiological saline, the level of the fluid within the sac being 3 to i cm. 
higlior than that of the external fluid in order to provide a slight pressure. 
Tests made under these conditions show^ed that with all of the sacs 
through which the antitoxin passed, the bacteriophage passed also, 
and that the bacteriophage* was retained wherever the antitoxin failed 
to dialyze. 

Subsequent experiments of this same type have been perfonned with 
races of the bacteriophage virulent for B, coU, B, typhosus, Pasteurella 
pestis, PasiPAirella hovis, and for the staphylococcus and in all instances 
the results have been similar to those detailed above. It is interesting 
to note, however, that on many occasions I found that the bacteriophage 
passed througli the walls of the sac which, in the series of increasing 
permeability came immediately before the first one which allowed pas- 
sage of the globulins. This would suggest that the bacteriophage cor- 
puscle may be slightly smaller than the micella of serum globulin.* 

* Lot us note in passing, that to state, as certain authors liave done, that the 
bacteriophage “passes," or “does not pass" through collodion membranes, with- 
out specifying the degree of porosity of the membrane with which they were 
working, is without mofxning. It is the same as saying that “a mouse can not 
pass through a hole," which is true if we are considering the eye of a needle, l)ut 
is manifestly false if we have in mind a railroad tunnel. 

These authors seem to be ignorant of the fact that collodion membranes may 
be prepared in which the })orcs arc greater than lOOg/i in diameter, while other 
membranes may have pores of but liu/u. It is unfortunate that the published re- 
sults warrant such comments. 
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WoUman®^ has also found that the bacteriophage will pass through 
open membranes and that it is retained by tight membranes, 

Prausnitz®®® has gone a step further in solving this question of size. 
Working with a Flexner-bacteriophage he has carried out filtrations 
using as a measure of comparison colloids in which the size of the 
granules has been determined. Making use of a series of Hahn mem- 
branes, he compared the passage of bacteriophage corpuscles with that 
of the granules of colloidal silver (0.001 per cent solution), of gelatin 
(1 per cent) and of hemoglobin (1 per cent). 

His results are summarized in table 25. 


TABLE 25 



11 \CTKH1C)- 
PH.VOE* 

COLL\UOOl.t 

GELATIN 

HBMO- 
^ GLOBIN 

Before filtration 

230,000 




Passed by filter No, 20 J 

129,000 

Slight re- 
duction 

Very slight 
reduction 

No loss 

Passed by filter No. 50 

27,000 

1/10 

Very slight 
reduction 

No loss 

Passed by filter No. 100 

2,500 

1/1000 

Slight reduc- 
tion 

No loss 

Passed by filter No. 200 

0 

Traces 

Marked re- 
duction 

No loss 

Passed by filter No. 400 

0 

0 

Very strong 
reduction 

No loss 


* By counting plaques. 

t Quantity present in the filtrate, determined colorimetricnll> . 

t The numbers assigned to the llahn filters reprcscm, ihe number of minutes 
required for the filtration of 100 cc. of water. 

Prausnitz concluded that the diameter of the bacteriophage corpus- 
cles is approximately that of the micella of the collargol used in his 
experiment, about 20 mm« 

By an entirely different procedure (refraction) von Angerer“ derived 
results indicating that the diameter of the corpuscle must be about 
30 /i/x. 

The figures obtained by Prausnitz and by von Angerer are, therefore, 
remarkably near the same.* 

Levaditi and Nicolau have found, also by means of collodion mem- 

* For purposes of comparison, it may be said that the Asterococcus of pleuro- 
pneumonia of cattle, the smallest organism visible under the microscope, has a 
diameter of between 100 and 200/£ai. 
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branes of different permeabilities, that the ultraviruses of rabies, of 
vaccinia, of encephalitis letlxargica, and the bacteriophage all have, 
within the limits of the method of measurement, the same diameter. 
Wlien one of the four passes through a membrane they all pass, when one 
is retained, all are held back. 

Experiment seems to show that the bacteriophage corpuscle under- 
goes a shrinking with ageing. As a matter of fact, when comparative 
filtrations through membranes of approximately the same porosity are 
made it is found that corpuscles which are 20 days or more old pass 
through membranes which hold back young corpuscles. A.n experiment 
bearing on this point may bo cited. It has been repeated on two differ- 
ent occasions, and the results of both tests were alike. 

A suspension of Shiga-bacteriophage filtered immediately after the 
completion of bacteriophagy, was mixed with an equal quantity of a 
suspension of the Staphylo-bacteriophage w'iiich had not been filtered 
through a candle until one month after bacteriophagy had taken place. 
At the same time a second mixture was prepared of equal parts of a 
suspension of Staphylo-bacteriophage filtered through a candle imme- 
diately after bacterioj)hag>', and a .suspension of Shiga-bactcriophage, 
filtered 20 days after the dis.solution. 'fwo series of collodion sacs 
were prepared, the .sacs of each series pi’ogressing from very tight sacs 
to those more porous. Into the sacs of one series the first mixture was 
introduced, the second mixture being placed in the second series. The 
material of all the sacs were dialyzed against bouillon, a pressure of 3 
to 4 cm. of bouillon being established in each sac. 

After 48 hours the external bouillon was examined to ascertain which, 
if any, of the bacteriopliages had passed through. These tests showed 
the following: 

Series 1. With the four sacs that wore least porous there was no 
passage. Through sac No. ii the Staphylo-bacteriophage corpuscles 
had passed, umnixed with the Shiga-bacteriophage. From sac No. 6 
a great many Staphylo-bacteriophage corpuscles had passed and also 
a very few Shiga-bactcriophage corpuscles, the ratio being 100:7. 
With the two most porous sacs the corpuscles of the two races of bac- 
teriophage had passed in essentially the same proportions. 

Series 2. Nothing had passed through the first 5 sacs, that is through 
those sacs which were least porous. Through sac No. 6 a great many 
Shiga-bacteriophage corpuscles had passed as well as a very few 
Staphylo-bacteriophage corpuscles, the ratio being 100:2. Through 
sacs Nos. 7 and 8, both races had jiassed. 
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These results indicate, then, that for some undetermined reason, the 
size of the corpuscles diminishes with age. 

This variation in filtrability can not be a question of the union of the 
young bacteriophage corpuscles into agglutinates for in this case com- 
parative countings of the plaques on agar, made from a recent filtrate 
and from an old filtrate, would reveal this change, since each agglutinate 
would yield only one plaque. But this is not the case, for comparable 
spreadings on agar show rather a diminution in the number of cor- 
puscles in the old filtrates, even if they are aged but a few days. 

Diffusibility 

Jotten®’® has implied that the bacteriophage diffuses into a 3 per cent 
agar. With reference to such experiments it should be stated that tests 
of diffusibility offer many opportunities for error. 

Prausnitz and Firle**® carried out a series of studies for the purpose 
of determining whether or not such a diffusion of the bacteriophage 
corpuscles takes place. All of their tests gave results indicating that 
this question must be answered in the negative. They were unable to 
obtain a filtration through a layer of 3 per cent agar deposited on a 
Bcrkefeld candle, even when the pressure amounted to 26 cm. of 
mercury and the test ^\as prolonged for 3 or 4 hours. 

Flu*®* reached the same conclusion, after a series of experiments, all 
giving negative results. In his tests the bacteriophage did not diffuse 
through a centimeter of 3 per cent agar. 

As a matter of fact, the uniformly accepted conclusion, that the 
bacteriophage will not pa.ss through tight collodion moiubranes renders 
it highly improbable that it would diffuse through a 3 per cent agar. 
For we know that the inteistices found in a gel are much smaller than 
those of membranes. Thus, if there were a diffusion it would necessa- 
rily have followed that the passage of the matpri.xl took place by virtue 
of some power of motion resident within the corpuscle. Manifestly, 
such a condition is possible but it would be strange in view^ of the 
dimensions of the corpuscles. 

Volatility 

It is also because of an imperfect technic, an error, that Olsen and 
Yasaki'*® have been led to believe that the bacteriophage is volatile. 
Apparently they had forgotten the experiments of Flugge who showed a 
long time ago that bacteria as large as B. tuberculosis, may be carried 
over by the droplets of the liquid which leave a fluid boiling under 
reduced pressure. 
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I have shown that*“ it is only necessary to carry out the distillation in 
such a way that these bubbles (droplets of Fliigge) can not form to secure 
a distillate free of all bacteriophage, even if in the process the filtrate is 
evaporated to dryness. Such a result is, indeed, inevitable, for, in view 





Fig. 6. Apparatus for Distilling at Low Temperatures 
Af receptacle within which the fluid to be distilled is placed; Bj cooling tube, 
Cy receiitacle for collecting the distillate; D, rubber stopper closing A and sup- 
porting B; Ef rubber stopper closing cooling tube B; F, out-flow tube for the 
cooling fluid; Cr, in-flow tube for the cooling fluid. 

of the fact that the bacteriophage is corpuscular in nature, volatilization 
is physically impossible. 

Because of the disputed nature of this fact, it may be well to insert an 
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illustrative experiment. Incidentally, it may be well to describe the 
apparatus which I have devised for such a test for it may serve for experi- 
ments of a wholly different nature. I believe it to be the only apparatus 
which permits, under normal barometric pressure, or even under a higher 
pressure, a fluid to be distilled at a low temperature with the recovery 
of all of the volatile products and without the possibility of any loss. 
With aqueous materials, such as a fluid culture medium, distillation 
can be effected at 30°C. 

The apparatus (fig. 6) is composed of a conical glass receptacle pro- 
vided with a neck having a diameter of 5 to G cm. and a length of 25 cm. 
The opening is closed with a rubber stopper having a hole about 4 cm. 
in diameter. Through this stopper a glass tube (a test-tube) with a 
diameter of 4 cm. and a length of 40 cm. is passed. On the bottom of 
this tube is fused a small glass hook, to which is atfached by means of 
a fine platinum wire forming a loop, a small glass bucket, 40 mm. in 
width and 60 mm. deep, made from a test-tube.* 

The figure presented herewith shows the apparatus as assembled 
and ready to operate. The liciuid to be distilled is placed in the bottom 
of the long-necked flask which is tightly closed with the rubber stopper, 
and the flask is placed in a water bath at the desired temperature. The 
flask should be immersed in the water up to within a few centimeters 
of the top in order to avoid a condensation of the vapor upon the walls. 
The interior of the tube which passes through the rubber stopper is 
cooled, either by allowing a stream of cold water to flow through it, or by 
filling the tube with cracked ice w-liich may be renewed from time to 
time, or by filling it with a refrigerating mixture of cracked ice and salt, 
ITic liquid in the bottom of the flask evaporates, the vapor condenses 
on the outer surface of the refrigerating tube, and the drops find their 
way to the bucket suspended below. When the cooling is effected by 
a stream of water cooled to 15°C. distillation can be satisfactorily 
effected at a temperature of 4.3 to 45°C., with cracked ice, at about 
35°C., and with a mixture of ice and salt, at about 30°C. 

Twelve tests on the behavior of the bacteriophage during distillation 
have been carried out with this apparatus, each time evaporating 30 
cc. of bacteriophage filtrate to diyness, at temperatures varying between 
35 and 48°C. Uniformly these tests have failed to show bacteriophage 

♦ Obviously these dimensions may be varied in accordance with the use to be 
made of the apparatus. If it is desired to distill some cubic centimeters of a 
fluid the apparatus can be made with an Erlenmeyer flask with thick walls, or of a 
Kitasato flask, with the lateral arm closed. 
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in the distillate. This rtesult is not peculiar to one race alone, for 
absolutely identical results were secured with races virulent for Shiga, 
B, pestis, B. colt, B. typhosus, and for the staphylococcus. 

Gildemeister and Herzberg,'^’® Borchardt,” Spiit,®** Bronfenbrenner 
and Korb,®® and Meissner^® have obtained the same results. The last 
used a simple distillation apparatus of the open model as ordinarily 
used in laboratory 'work. She found that the bacteriophage passed over 
in two experiments out of eight when she took no precautions to prevent 
the passing over of droplets. It was only necessary to suspend a small 
disc of rubber over the opening of the tube emitting the vapor to prevent 
entirelj^ the passage of the droplets and of the bacteriophage corpuscles 
as well. This offers additional proof that the droplets arc in reality 
the vehicles which carrj"^ over the corpuscles. 


Salinientatdon 


The following experiments®®^ show that the bacteriophage corpuscles 
sediment to the bottom of a vessel. This deposition occurs either 
spontaneously with the pas.sage of time, or mechanically, through 
centrifugation. 

A suspension of an anti-dysentery bacteriophage is filtered through a 
bougie and allowed to stand without moving in a cupboard for eleven 
months. At the end of this t ime, specimens from the surface and from 
the bottom of the tube are taken with capillary pipettes. 

The count of the superficial layers showed 280,000,000 per cubic 
centimeter. 

The count of the deeper layers showed 2,900,000,000 per cubic centi- 
meter. 

That the corpuscles can be sedimented, although incompletely, by 
centrifugation at very high speed is shown by the following. 

Twenty-five cubic centimeters of the bacteriophage (antidysentery) 
are filtered through a bougie and are centrifuged in a Jouan apparatus 
for 30 minutes at 12,000 revolutions per minute. Counts show the 
following: 

per cubic 
centimeter 


Before centrifugation 

After centrifugation(‘^^'^^^^^^^^ 


1 . 750 . 000 . 000 
50 , 000,000 

3 . 700 . 000 . 000 


These results have been contradicted by a number of authors, but 
nevertheless I am still convinced of their accuracy, for in recent experi- 
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ments I have obtained comparable results. However, it is only fair to 
state that those who have questioned the correctness of my findings 
have generally performed their experiments under conditions differing 
from mine, using slower speeds for the centrifugation.* It is evident 
that an enrichment of the lower layers may be obtained, although it is 
never possible to render the upper layers entirely free of corpuscles. 
Ijevaditi and Nicolau^** have shown that the same thing happens with 
the ultraviruses of rabies and of vaccinia. As a matter of common 
experience, it is well known that it is extremely difficult to obtain a 
sterile supernatant fluid by centrifugation of a bacterial suspension. 
There is all the more reason to encounter this same difficulty with 
ultraviruses. 


Nature of the '‘substance’’ of the bacteriophage corpuscle 

We know that the colloidal state depends solely upon two factors, — 
insolubility and the size of the particles. In reality there is but one 
factor determining the colloidal state, namely, the mass of the granule, 
for if a substance suspended in a liquid remains in a granular condition 
it is insoluble. 

Ihe colloidal state does not begin suddenly with a certain mass, to 
end ^ suddenly when an upper limit is reached. There is a gradual 
transition of the properties of the molecular state (solutions) into those 
of the solid state (precipitates), and between these two extremes the 
colloidal state is to be found. 

Considering only tho.se substances immersed in water, which is the 
general case in biology, one might say that the colloidal state becomes 
manifest when the mass of the particle immersed is such that it is sub- 
ject to brownian motion. With organic particles this takes place when 
the particles reach a diameter of from 1 to 2p. lud this property becomes 
accentuated as the diameter diminishes, being particularly marked when 
the diameter reaches a point between 100mm and Imm- 

It may be well to state that the nature of the substance forming the 
panules is of no consequence, nor is it of significance whether the particle 
w living or dead. ITie solo factor is tho mass; if it is sufficiently small 
the particle bocomes a colloidal '‘iuicclla.”t 

yet unpublished, made at the 
J stitute of Delft (Holland), involving centrifugation at high speeds that have 
given results which confirm those reported here. * 

. } mineral or organic bodies in suspension is the 

mtermicellar fluid. Jlmds other than water are not considered here for thev 
are of no interest to biologists. --uBiaerea nere lor they 
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The bacteriophage corpuscle having a diameter of 20 to 30/*/ii and 
being insoluble in water, necessarily possesses colloidal properties. 
Within a culture medium it is a colloidal "micella” wliatever may be the 
intimate nature of the substance of which it is formed. 

The bacteriophage is either a living being or a product derived from 
a living being (bacterium); and such being the case the "substance'll 
of the bacteriophage corpuscle must be either of lipoid nature or pf 
protein nature.* ■; 

If it is a lipoid it should be soluble in the solvents for these bodies, — 
ether, chloroform, or petroleum ether. 

Kabeshiina*** has affirmed that the bacteriophage is soluble in both 
ether and ehloroform. I have shown**® that this is not true, for if one 
mixes equal parts of ether and bacteriophage suspension, it is found 
after prolonged .shaking that the proportion of corpuscles present in the 
ether and in the subjacent fluid is as 1:40,000. This clearly indicates 
that there has been a commingling and not a dissolution, for it is only 
neces.saiy to shake this ether with bouillon to remove the greater part 
of the corpuscles, and by jcpeating the extraction with bouillon it is 
possible to remove them all. 

Do Poorter and Mai.-iiu'** have effeetively answered this question of 
ether solubility. They mixed 1 ec. of a bacteriophage suspension with 
2 CO. of ether. Then they .superimposed 10 cc. of ether, taking care 
through all of these procis lures not to wet the walls of the tube, for if 
this is done corpuscles may remain adherent to the walls and give errone- 
ous results. After allowing it to stand for 24 hours at laboratory 
temperature they removed a few cubic centimeters of the supernatant 
ether, evaporated it at a low temperature and looked for the bacterio- 
phage in the residue. Xo trace of it could be found. 

They performed the same (!xi)eriment with petroleum ether and with 
chloroform, with the last by first introducing 10 cc. of chloroform into a 
burette and then a well shaken mixture of bacteriophage suspension 
and chlorofonn. 'J’he results were the same; there was notliing to 
indicate that the bacteriophage was dissolved. 

These authors concluded that the substance of the bacteriophage is 
not a lipoid, and this being the case it follows, therefore, that the 
bacteriophage corpuscle is maile up of a protein substance. 

Wollman®*® has .statcfl that the bacteriophage is destroyed by tryptic 

* Glycogen occurs also in the form of colloidal granules, but the bacteriophage 

is not glycogen, for a liquid which contains the bacteriophage, boiled after the 

addition of a strong acid, docs not reduce Fehling’s solution. 
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dig^ion. In a more recent communication*'** he admits that the 
destruction is only partial, and that it is more or less complete depending 
on the race of the bacteriophage used. 

With reference to the many publications, announcing the discovery 
of the bacteriophage in enzyme-containing products, a subject to which 
w^, will return, I have performed a variety of experiments to determine 
the nature of the action of papaine and of trypsin on the bacteriophage. 
I have never been able to find any manifest changes when a suspension 
of one or the other of these ferments was combined with the bacterio- 
phage. On the contrary, when I mixed trypsin or papaine w’ith a 
bacterial suspension inoculated with the bacteriophage, I observed a 
very sharp inhibition, but, in view of the former exi>erimcnts, I am not 
able to attribute this inhibition to a destruction of the corpuscles by the 
ferment, but rather to an action of the ferment on the bacterium, an 
action which interferes with bacteriophagy. Among other experiments 
having a similar significance, we will see that an antibacterial serum 
has no action whatever upon the bacteriophage, but that it exercises an 
inhibitory action upon bacteriophagy with the homologous bacterium. 
The surface of the bacterial body must be modified in some way, both 
by the antiserum and by the proteolytic enzymes, so that it is not sus- 
ceptible to the adhesion of the bacteriophage corpuscles. It may be 
mentioned, however, that in any case the inhibition is relative only; 
bacteriophagy is retarded but it still takes place. 

2. CONSEBVATIOi^ OP THE HACTBBIOPIIAGE COUrLSCLE 

Before undertaking an analysis of this phase of the subject of bac- 
teriophagy it may bo well to call attention to a very important point, 
which applies as well to the effect of the pass.age of time as to that of 
any agent, physical or chemical. We find that a suspension of the 
bacteriophage contains a number of corpuscles which we may designate 
as “x.” We subject this suspension to the action of any agent whatso- 
ever and when the action is completed we find, for example, that the 
number of corpuscles has become .\/10. We conclude immediately that 
9/.10 of the corpuscles have been destroyed. Is this deduction bej’^ond 
question legitimate? By no means. Wo can detect the bacteriophf^ 
only because of the fact that it causes bacteriophagy, that is, we detect 
its “virulence.” Death of the corpuscle or the loss of its virulence would 
lead to the same effect, the absence of bacteriophagy. Let us observe 
that through the action of time, through increases in temperature, or 
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through exposure to certain antiseptics many bacteria* become aviru- 
lent. Inasmuch as we find that they still multiply we conclude that 
they are not destroyed, as we would most certainly do if the bacteria ivere 
infravisible. Experiment shows us that it is certainly the same for the 
bacteriophage. Under the action of a harmful agent the virulence is 
lost first, destruction follows later. This comment applies to all ultra- 
viruses generally. 

In general, the vitality of bacteriophage corpuscles is very high. 
A Shiga-bacteriophage which has been preserved in a sealed ampoule 
for nine years has lost none of its virulence, although the number 
of the corpuscles has <liminished very considerably. When first pre- 
pared there were 2000 million corpuscles per cubic centimeter, after 
four years the number was reduced to only 100 million, afler nine years 
to but 40 millions. From this it seems that a very great many corpus- 
cles are destroyed during the first months. Those which remain are 
the more resistant ones and eonsequently Ihe reduction in number 
occurs more and more slowly. With another race the number of cor- 
puscles fell within nine years from 2400 million to 110 millions. Kuch 
a diminution in numbers is not peculiar to the bacteriophage, for 
precisely the same thing takes place with the bacteria. 

The vitality of a single bacteriophage differs according to the bacterial 
species which has contributed to its development. Tests made upon 
this same bacteriophage which we have just considered, after it had been 
subject to a few passages at the expen.se of B. typhosus, showed that it 
became totally inactive when held for 52 months. 

It will be recalled that we have already considered the attenuation of 
virulence tthich takes place with the passage of time. It is tmneccssary 
to repeat it here. 

Confinning what has been said above, namely, that the bacteriophage 
first becomes avirulcnt, and then “dies,” although we can not tell when, 
is the fact that the apparent vitality of the bacteriophage is often 
proportionate to its virulence. But this is not a general fact; it is not 
uniformly true as the following experiment show's.®*^ 

Typhoid patient Mor Examination of the stool was made 

at the beginning of convalescence. On August 20th, 1918, the stool 
was treated according to the method described for securing the bacterio- 
phage. The filtrate was distributed in 0.5 cc. amounts in suspensions 
of the following bacteria: B. dysoUcriae Shiga, B. typhosus, B. para- 

* Among others, B. nuthriicix, which becomes avirulcnt when it is cultivated at 
a temperature of 42°C. (Pasteur/ or in the presence of phenol (Roux). 
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typhosus A, li, paratyphosus B, and B. coli. After 24 hours of incubation 
these suspensions were planted on agar with the following results: 


B, dysenteriae Shiga 

B. typhosus 

B, paratyphosus A . . 
B, paratyphosus B . . 
B, coli 


Sterile 

Sterile 

Numerous plaques 
Numerous plaques 
Sterile 


Specimens of the feces and of the filtrate were preserved in sealed tubes. 
On January 22nd, 1919, that is, after 5 months, these materials were 
e-xamined again, with the results shown in table 20. 

In this material the virulence of the bacteriophage for B. dysenteriae 
and for B. paratyphosus B remained unaltered during the five months, 
it diminished for B. coli, and disappeared entirely for B. typhosus and 
B. paratyphosus A. 

TABLE 26 


SrSPENBlON 

RESULT 

Freshly preparod filtrate 

Original filtrate 

B. dysenteriae Shiga 

t 

Sterile 

Normal culture 
Normal culture 
Ntiraerous plaques 
Numerous plaques 

Sterile 

Normal culture 
Normal culture 
Numerous plaques 
Numerous plaques 

B. typhosus 

B. paratyphosus A 

B, paratyphosus B 

B. coli 



It should be noted that the result was the same whether the bac- 
teriophage was preserved directly in feces or in the filtrate, that is, in 
bouillon. Likewise, in this instance, it is significant that the degree 
of virulence has no influence on the preservation or the disappearance 
of the virulence. It was strong for B. typhosus and became negative, 
it was wefik for B. paratyphosus B, yet this rcrinaincd intact. 

In the absence of passages, simply as an effect of old age, the virulence 
of the bacteriophage varies then with time, and indeed in a different 
manner for the diverse bacteria attacked. It becomes attenuated 
more quickly for some than for others, and for this no general rule can 
be fixed. We have seen elsewhere that after four years and in spite of 
passages in contact with the dysentery bacillus, the virulence for B. 
typhosus persisted. The last experiment cited is not only interesting 
then, in that it shows an attenuation of virulence associated with the 
lapse of time, but also in that it gives evidence that the loss does not 
occur in equal degrees for all of the bacteria attacked by one and the 
same bacteriophage. 
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At all events, it is certain that, as a general rule, the weakest virulence 
disappears firat, but we should not overlook the fact that there are many 
exceptions to this rule and it is well to consider that each race of the 
bacteriophage may behave in its own individual way. 

If a bacteriophage suspension is allowed to evaporate slowly at room 
temperature it is found that living eorpuscles may be found in the few 
drops of syrupy fluid remaining in the bottom of the tube. Indeed, 
certain bacteria act in the same way. On the contrary, living corpuscles 
are no longer to 1x3 found after twelve months in glucose bouillon cul- 
tures, although they may still be alive in lactose bouillon. 

From fecal material preserved at room temperature in sealed tubes 
for thirty-four months (September, 1915, to July, 1918) it was possible 
to recover the living bacteriophage, as active as at the beginning. 
This experiment has been ixu-formed successfully with four specimens 
of feces from convalescent cases of dysentery. 

In a mixture of ecpial parts of neutral glycerol and of bacteriophage 
suspension, held for five >ears in sealed tubes, the virulence of the 
bacteriophage corpuscles (Shiga-bacteriophage) remained unimpaired. 

It is noteworthy that the Ikpiid in which the corpuscles arc sus- 
pended exerts a considerable otTect upon their preservation. As for the 
reaction of the liquid, the effects of acid arc once more evident, for if the 
fluid is ever so little acid the i)criod of the conservation will not extend 
beyond a few weeks, when tlie tubes containing the corimscles are held 
at laboratory' temperature. 

On the question of the pn'servation of the bacteriophage in the dry 
state I have several apparently contradictory facts. 

In 191G I placed some drops of filtrate (Shiga-bactcriophage) upon 
some sheets of filter paper. The.'se were dried and then aseptically 
transferred to glass tubes which were sealed in the flame. These tubes 
were left in the laboratory', exposed to the light, for 6 months. At the 
end of this poriofl a fragment of the filter paper, introduced into a tube 
containing a suspension of Shiga bacilli, cau-sed bacteriophagy.®*^ 

Seiffert®®^ has taken exception to this, and quite correctly, for it has 
been impas.siblc for me to repeat this experiment, although I do not yet 
see any possible cause for error which has not been considered. Did 
the nature of the filter paper play any role? In this same connection 
it may be added that Gcrrelsen, Gryns, Sack and Sohngen®** have found 
that their bacteriophage, virulent for B. radicicola, remained active 
for two months when dried on filter paper. 

If a suspension of the bacteriophage is allowed to dry slowly at room 



PROPERTIES OF THE BACTERIOPHAGE 


287 


temperature, it is possible to recover the bacteriophage, still virulent, 
from the few drops of syrupy liquid remainiug in the bottom of the 
tube.®*’ The fluid may, indeed, be evaporated to dryness, particularly 
in the apparatus which I have described, and in the pulverized residue 
virulent corpuscles may still be found. 

3. FLOCCUIATION OF CORPUSCLES 

The bacteriophage corpuscle being, from the physical point of view, 
a colloidal “micella” it should possess an electric charge, and in order 
to determine the sign of this charge it is only necessary to ascertain 
whether these micellae are flocculated by H'*' or OH“ ions. In the first 
case the charge would be negative, in the second it would be positive.* 

We know that the bactcriopliage usually multiplies in an alkaline 
medium, and that for the overwhelming majority of races, the cor- 
puscles remain inactive in an acid medium. Furthermore, as da Costa 
Cruz has shown by direct experiment, the corpuscles flocculate under 
the influence of acids. 

This being the case the corpuscle possesses a negative charge, and 
consequently the bacteriophage is what is termed a “negative-colloid.” 
Incidentally, we may add that according to many investigations the 
great majority of bacteria also possess a negative charge, and they also 
are flocculated by acids. 

But we have seen that certain races of the bacteriophage may bring 
about bacteriophagy in an acid medium (Asheshov”-*®). Da Costa 
Cruz has isolated a race of the bacteriophage which is active in a medium 
with a pH of 5.1, that is, in a medium definitely .acid. It would appear 
then, that flocculation by acid does not take place at the sama pH for all 
races. 

Maisin’®® has found that the corpuscles are completely precipitated 
by saturation with ammonium sulfate and that they may be recovered, 
still virulent, from the precipitate. Precipitation is only partial with 
half saturation with the sulfate. Magnesium sulfate acts in the gnma 
way (de Poorter and Maisin*®*). Here again the corpuscles react like 
“protein micellae.” 

Levaditi and Nicolau"® have seen that the virus of vaccinia behaves 
in the same way when subjected to these conditions. 

Bacteriophage corpuscles are carried dowm only in part by the pre- 
cipitate formed with tricalcium phosphate (Maisin^*®), and I have shown 
that there is but little removal of the corpuscles by the precipitate of 

* Sender and Pioton, Hardy, J. Perrin, etc. 
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calcium carbonate brought about by the addition of a concentrated 
lactate solution. 

Kabeshima’*® has stated that the bacteriophage is precipitated by 
alcohol and by acetone. This is true,®’* but, contrary to the additional 
statement of this author, the bacteriophage is very quickly destroyed 
if the contact is prolonged, either with alcohol or with acetone. We 
will revert to this point later. 

4 . ADSORPTION OP HACTERIOPHAGB CORPUSCLES 

The bacteriophage corpu.scle being a negatively charged colloidal 
micella, at least, when in an alkaline medium, it should be subject 
to the phenomenon of adsoii)tion. Those who have studied this phase 
of the question arc a long way from being in accord. From what does 
this disagreement result? rncpiestionably two fundamental causes 
contribute to the differenco in opinion. 

A gi'eat many bacteriologists who undertake to deal with physico- 
chemical questions arc not too familiar with this science. They forget, 
for example, that the conditions of the medium, the i)ll in particular, 
exert a vciy definite elYect u|ion colloidal phenomena. We have, for 
examj)le, studied the phenomena of adsorption with bacteria, and we 
have found that api>arently insignificant differences in the reaction 
of the medium exercise a gri'at influence on their ability to pass through 
filters. We know, in fact, that filters are permeated by pores whose 
diameter is far greater than that of the bacteria. If the bacterial cells 
are retained, it is not because they can not pass through these pores, 
but because they are adsorbed by the walls. This phenomenon of 
adsorption is not obsened solely with filter candles, but even with the 
gi'ains of sand which form tluj filter beds of the commercial filtem 
used for the i)urification of drinking water. But even here, the passage 
of bacteria is found to be, in groat part, determined by the reacthm 
of the medium. 

The phenomena of ad.sorption are the more intense as the colloidal 
properties are the more outspoken, that is to say, as the particles 
of the colloid become smaller. If granules as voluminous as bacteria 
are capable of being adsorbed, the adsorption being modified by the 
reaction of the medium, there is the greater reason that this phenomenon 
may be more intense with bacteriophage corpuscles whose diameter 
is but one-twentieth or one-fiftieth as great. 

But there is a second possible cuusc of error depending on the inherent 
variability of the bacteriophage, since each race presents its own 
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peculiar properties. We have seen that certain races cause bacteri- 
ophagy in definitely acid media, at a pll of 5.1 . Should the phenomena 
of adsorption be the same for corpuscles capable of causing bacteri- 
ophagy in a medium of pH 6.5 and for those capable of causing bac- 
teriophagy at pH 5.1? It is quite within the bounds of experience to 
doubt if the behavior of the two races will be the same, for it is very 
probable that these differences in properties correspond to quantitative 
differences in the electric charge. 

However this may be, the greatest cause for the lack of concordance 
in the results reported may certainly be attributed to differences in the 
reaction of the medium. There is the less reason to be surprised at 
divergent results when we consider that some workers have used 
suspensions of the bacteriophage corpuscles diluted with distilled 
water or phj’siological saline neutral in reaction (often even slightly 
acid) while others have worked with pure suspensions, that is, with 
undiluted, alkaline, bacteriophage filtrates. 

From the beginning of my studies I have held that adsorption of the 
corpuscles by porous candles (Chambcrland) was very slight. Praus- 
nitz***' has to a degree confirmed this conclusion by showing that it is 
necessary to repeat the filtration of a suspension eight limes in order to 
cause a measurable reduction in the number of corpuscles. 

It may also be i'ecallc<l that I have t^commended’®‘ as the best technic 
for the isolation of a bacteriophage from turbid organic fluids a pre- 
liminary filtration through a filter paper covered with a layer of infu- 
sorial earth. This procedure clarifies the material prior to its filtration 
through a caudle. i\nd this technic was lecommcnded because I had 
demonstrated tliat such a preliminary filtration does not lead to a 
diminution in the number of the corpuscles, a proof tliat they are not 
adsorbed by contact with the infusorial earth. In all of my experiments 
I have worked with the bacteriophage su'-pended in a fluid having an 
alkaline reaction,— pH 7.6 to 8.2. 

In opposition to this conclusion Reiffcrt®®* * has affirmed that the 
corpuscles are adsorbed by infusorial earth and by kaolin.* 

Gildemeister and Herzberg-^^ have observed a considerable adsorption 
of the corpuscles by infusorial earth (Kieselguhr) . But they have added 

* This author has deduced from this that the bacteriophage is an clectro-posi- 

tivo colloid, apparently forgetting that the electro-positive colloids are floc- 

culated by OH ions, that is to .say, in an alkaline medium. This is not the case 
for the bacteriophage, since alkaline media are quite uniformly best suited fur 
work with the bacteriophage and for the process of bacteriophagy. 
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that if the infusorial earth after adsorption is washed with some water 
rendered alkaline with ammonia, the corpuscles are freed into the liquid. 
This would indicate that the adsorption occurring with this material 
takes place only if the medium is acid, or at most, neutral. It is sig- 
nificant that these authors have further noted that filtration through 
a Berkefeld candle is more readily effected if the medium is alkaline 
in reaction. 

A similar set of experiments authorized Prausnitz and Firle®®® to state 
that the amount of adsorption with infusorial earth is practically zero, 
even if the earth is very fine, and the test is performed with the ma- 
terials in an alkalim imdhim. These experiments of Prausnitz arc 
noteworthy, moreover, for their jjrecision, which places them above all 
criticism. 

Arloing, Langcron, and Sempe** have also found that the degree of 
adsorption to infusorial eartli and to kaolin is essentially negative. 
In comparison they also rej)oil that the corpuscles are adsorbed almost 
completely by sheep cells freed of plasma, and that the bacteriophage 
may be found in the sediment after centrifugation. 

According to de Poorter and Maisin^’’- there is a partial adsorption 
to animal charcoal and to the serum colloids. 

It is well known that when suspensions of colloids of opposite signs 
are mixed a recipnocal flocculation takes place. Since the bacteriophage 
bears a negative charge,* a flocculation should not take place when a 
bacteriophage suspension and a negative colloidal suspension arc mixed, 
but when mixed with a iKJsitive colloid flocculation should occur. 

Otto and Munter^”^ have seen that the corpuscles retain all of their 
properties in the presence of colloidal sulfur (a negative colloid), and 
certain facts suggest that wlnm in contact with this colloid bucteri- 
ophagy is favored. Some of my experiments confirm entirely the obser- 
vations of these authors. 

De Necker has suggested'"’^ that the bacteriophage corpuscles arc 
partially adsorbed by various negative colloids (colloidal i)reparations 
of iodine, of manganese, of selenium, of silver, of copper, and of rho- 

♦Without going into dfliii! on this point, it may be said that a ‘^micella** is 
composed of a granule wliich bears the eliurge represented by one or two ions, 
while a layer of ions of the opposite sign is found in the layer of liquid which 
Biirrounds the granule. The sign of tlie colloid is conferred by the nature of 
the granular charge. For the bacteriophage corpuscle, for example, the granule 
must bear negative ions (OH'") and in the layer of liquid which surrounds the 
granule, there must be the opposite, i.e., positive ions (IP), 
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dium). From my own work I feel warranted in definitely contradicting 
this. It is probable, as I have stated above, that de Necker carried 
out his experiments with the materials in an acid medium. 

Contributory evidence on this point is afforded by some experiments 
with colloidal silver. For example, I have added 10 mgm. of “Collar- 
golum siccum” of Heyden to 10 cc. of a suspension of Staphylo-bac- 
teriophage. Titrations of these corpuscles made 13 months later showed 
that the bacteriophage had not lost its virulence. Determinations 
of the same kind made with a Shiga-bacteriophage, yielded the same 
result. 

Moreover, some of the experiments reported in Chapter I may be 
recalled, showing that bacteriophagy takes j)luce normally in bouillon, 
at a pll of 7.8, containing .5 mgm. of dry collargol.to each 10 cc.* 

As for the so-callcd inhibitorj' action of the colloid gelatin, I think 
that 1 have shown by the exporimenis detailed in Part I, that the 
inhibitory effect manife.sted is of a wholly different nature. In a liquid 
medium gelatin is inhibitory becau.se of its vi.scosity (Hauduroy), on a 
solid medium because the gel does not permit the diffusion of the 
products resulting from bacteriophagy, products which impede the 
activity of the bacteriophage itself. 

For purposes of comparison it is interesting to note that Val<5e and 
('arr6 have observed that different ultraviruses, that of aphthous fever 
in particular, are .strongly adsorbed by red blood cells, and that Levaditi 
and Nicolau''** have rej)orted that the ultravirus of vaccinia is adsorbed 
by animal charcoal and by the serum globulins. 


5. EFFECTS OF IBRADIATION 


Appelinans'* states that a suspension of the bacteriophage subjected 
to ultraviolet raj s is inactivated by an expo*, ure of ten minutes. 

According to Gildomcister,^^" the sensitivity of the bacteriophage 
toward ultraviolet rays is the same as that of the bacteria. 

Zoeller*^ observed a complete inactivation after 15 minutes of 
exposure. 

Gerretsen, Giyns, Sack, and Sdhngen.«« working with a bacteriophage 
virulent for B. radtcicola, have exposed at a distance of 30 cm., either 


* Dc Neckor also states that .aluminium hydroxide causes a flocculation of the 

bactcnophaKc. When the precipitale is dissolved by the careful addition of 
acetic acd the bacteriophage reappears in the liquid. Flocculation was never 
complete. A possible error in this experiment is the occlusion of the pores 
of the candle used to falter the precipitated hydroxyl-bacteriophage 
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plaques of the bacteriophage on agar, or suspensions contained in quartz 
tubes, to a Heraeiis lamp operating under 4 amperes at 220 volts. 

Although under these conditions, B. radicicola was killed after 
exposure for 15 minutes, the bacteriophage was intact after 30 minutes. 
Indeed, it was still alive after 2 hours, but was completely destroyed 
after 2| hours. 

Binitsaert^^'* has investigated the effect of radium emanations. In his 
experiments the radio-active energy, measured as y rays, was equivalent 
to 0.914 gr. of radium. He found that after a prolonged exposure, 
the bacteriophage remained intact. A Coli-bactcriophage, of average 
viiiilence. was but slightly attenuated after an exposure of 24 hours, 
for its virulence was fully restored by a single passage. 

The effects of irradiation may be summarized briefly by stating that 
the bacteriophage behaves in essentially the same way as does the 
bacterium. 

6. EFFECT OF TEMPERATURE 

Among the verj^ first of my reports on bacteriophagy and the bac- 
terioi;)hage itself there appeared the statement®^^ that the Shiga-bacterio- 
phage resisted a temperature of when exposed for a half-hour. 

Kabeshima^^* reported it was not destroyed at 70°C., but that destruc- 
tion occurred only when it was heated for a half hour at 75°C. Kutt- 
ner’3» made the same observation in determinations with the Typho- 
bacteriophage. 

In collaboration with Pozerski*^®*^ additional consideration was given 
to this question of heat-resistance and from these studies the reason 
for the divergent reports l)ccamc apparent. It was found that the 
destruction of the corpuscles is preceded by an attenuation in the 
virulence, the attenuation being the more pronounced as the tempera- 
ture to which the corpuscles arc heated is increased. For all corpuscles, 
of whatever virulence and of whatever race the temperature of apparent 
destruction, that is to say, of complete inactivation* is about 75°C. 
The following experiments demonstrate this. 

A bacteriophage sus[)ension, previously filtered through a candle, 
is taken up in a series of capillary pipettes, and the pipettes are care- 
fully scaled at both ends. The pipettes are then completely iimncrsed 

* I repeat that we can only recognize the bacteriophage through its virulence. 
Loss of virulence or destruction of the corpuscle as such would lead to the same 
phenomenon, — absence of bacterioidiagy. After exposure to 75°C. the bacterio- 
phage is completely avirulent. It may not be destroyed until the temperature 
reaches 80 or 90°C., but this wc can not determine. 
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in the water-bath, adjusted to maintain the temperature desired, m 
indicated in each of the Mowing experiments. In each part of the 
experiment, 8 tubes containing the suspension are held for 30 mmutes 
at a constant temperature. ITie temperatures selected were 60, 62, 
64, 66, 68, 70, 72, and 75°C. 

Shigorbacteriophage 

From each of the tubes held at each of the tempemtures 60, 62, 64, 
and 66°C. two drops of suspension were inoculated into bouillon sus- 
pensions of Shiga bacilli. In all instances a complete dissolution of the 
bacilli took place within 14 hours. When these tests were repeated 
with a second strain of susceptible Shiga organisms the results were 
identical in every respect. With the suspensions which had been 
heated to 68‘’ and to 70°C. the material caused a complete dissolution 
when added to one of the Shiga strains, but it failed to induce a dis- 
solution of the other. The material heated to 72°C., as well as that 
heated at 75°C. failed to cause dissolution with either strain. 

For control purposes, plantings on agar were made; one drop of the 
bacterial suspensions receiving the bacteriophage corpuscles heated to 
68, 70, 72, and 75°C. being spread over agar prior to the incubation. 
Later examination of these cultures, after incubation, showed that all, 
except those receiving the bacteriophage heated to 75°C. showed 
characteristic plaques; the growths obtained from the 75°C. tubes were 
normal bacterial cultures. 

When the virulence of a bacteriophage is attenu.itcd by heating, the 
activity may, within limits, be restored by effecting serial passages. 
For example, with the corpuscles heated at 68 and at 70°C. two passages 
were required, with those heated at 72°C. three passages were necessary 
to restore the virulence to such an extent that a dissolution of the 
bacteria would take place in a fluid mediuui. 

Experiments (iomparable to the above (in every respect showed 
that an entirely similar effect occurs with bacteriophage races active 
for other organisms: B. dysenteriae Flexner, B. dysefUeriae Hiss, B. coK, 
and B. paratyphosvs B. It is interesting that with the strain of B. 
paratyphos'is A tested, the attenuation of virulence began at a tem- 
perature of 64°C., while with the race \irulent for B. typhosus an attenua- 
tion was evident at a temperature as low as 62°C. However, despite 
these individual racial variations, with all races exposure to 75°C. renders 
the corpuscles inactive. Either tlxey are actually destroyed, or their 
virulence is attenuated to such a point that they can no longer be de- 
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tected. In all instances where a complete destruction does not take 
place, the corpuscles manifest a recuperative power, the virulence 
being restored more or less readil}'^ by subsequent passages if the tem- 
perature to which they have been subjected is not higher than 72'’C. 

Staphylo-bacteri&phage 

This race of the bacteriophage appears to be somewhat more sensitive 
than arc many races, for after exposure to a temperature no higher than 
bO^C. it would appear that some attenuation occurred. Subcultures 
from tliose tubes which failed to show' a dissolution clearly demonstrate 
that the changed activity is referable to a simple attenuation, for even 
those suspensions inoculated w'ith a bacteriophage previously heated 
for 30 minutes at 72'’C. gave plaques characteristic of an active bac- 
teriophage. Here again, t he original vinilence may be restored to sus- 
pensions heated at 62, 64, 66 and ()8“C. by two passage.^. With suspen- 
sions heated to 70 and 72° six passages were retiuired to bring back the 
virulence. A temperature of 7o°('. deprived the bacteriophage of all 
activity. From these experiments it might bo concluded that all races 
of the bacteriophage react in the same manner to the influence of 
temperature. As a matter of fact with each individual race the attenu- 
ation begins at a given tcmperattire, vaiying with the race, but as to the 
upper limit, all races are permanently destroyed, or at least rendered 
completely avirulent, at temperatures approximating 75°C. (d’Herclle 
and Pozerski'**“). 

It appears clearly from these experimonis that atteniiation througlx 
h^t begins to occur at a temperature rather more than 10° below 
the point where the activity becomes definitely lost. They show' like- 
wise that it is unsafe to conclude that the bacteriophage is destroyed 
simply because it ceases to provoke bacteriophagy. It is alwavs 
necessary to prove the question of destruction by making a few passages 
at the expense of a susceptible bacterium, for if the attenuation has not 
been extreme the virulence may be enhanced again. 

Otto, Munter and Winkler,^'-^ as w'ell as Hauduroy,*** have shown 
that the attenuating effects of tem{)erature occur the more readily as 
the virulence is less strong. That such a relationship should obtain is 
obvious, for since the virulence becomes gradually and progressively 
attenuated as the temperature is raised it is clear that when the initial 
virulence is weak the race will reach the point of complete attenuation 
more quickly. 

Otto, Munter and Winklei"*®* have shown also that with a single race 
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of the bacteriophage the temperature of inactivation differs for each 
of the bacteria attacked, and may even be different for a single bacterium 
and a single bacteriophage from one experiment to another. Other 
investigators have obtained comparable results. 

The following experiment shows that these variations are related 
to the actual intensity of the virulence for each bacterium attacked. 

A race of the bacteriophage was isolated from the feces of a patient 
convalescent from benign infectious jaundice. During the febrile period 
in this case the intestinal B. coli had been almost completely replaced by 
B. enteritidis, Tliis bacteriophage was first subjected to 12 passages 
at the expense of B. enteritidis (isolated from the stools of the patient 
at the onset of the disease). Following these 12 passages (each one 
being effected by inoculating 0.001 cc. of the suspension previously 
bacteriophaged into 10 cc. of fresh suspension) a selective isolation was 
made, in order to eliminate any other races of the bacteriophage which 
might possibly have been carried along from the fecal filtrate. 

This pure bacteriophage showed virulences as follows: 


enteritidis (strain from the patient) +++ + 

/?. colt (strain from the patient) 

B, dysenteriac Shiya 

B, paratyphomti A *f 

B, paratyphoid us B 4- + 


Sealed ampoules containing this bacteriophage were immei*sed for 30 
minutes* in a water-bath regulated at the following temperatures: 
60, 63, 65, 68, 70, 73, 75, and 78°C. A drop from each of these heated 
suspensions was added to a tube containing a suspension of susceptible 
bacteria, and the virulence was determined by the simplified procedure 
discussed in the section on ‘‘Evaluation of Vinilence.'^ (See table 27.) 

It is not surprising then that those who hove studied the resistance 
of different races of the bacteriophage to heat have obtained different 
figures for each race of bacteriophage, since everything depends upon 
the virulence. 

Some authors (Weinberg and Aznar,''^24 Tchang Kouo Ngen and 
Wagemans®-'^) have stated that the bacteriophage is destroyed only 
at a temperature of SO^'C. I am inclined to believe that their technic 
must have been defective for in accord with the majority of those who 
have published on the subject I have never yet found a bacteriophage, 

♦ The ampoules were made of drawn out Pasteur pipettes, with thin walls, 
thus permitting the contents to tiuickly reach the temperature of the water-bath. 
This method is the only one which is free of criticism. 
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even of maximum virulence, which was not rendered totally avirulent 
(or destroyed?) at a temperature in the neighborhood of 75°C., nor have 
I found one which was rendered avirulent at temperatures below 65°C.* 
Hauduroy^** also reported experiments showing that with all races of 
bacteriophage a true destruction takes place at the same temperature, 
although the temperature leading to a loss of virulence may be very 
different, lie also noted that less heat is necessary to cause attenuation 
when the virulence is low. All of his experiments were performed 
with the same technic, hence his results are all comparable. And 
although the conclusion wlrich he reaches is correct, the figures w’hich 
he presents are certainly subject to revision. Ilis method of testing 
consisted in i)lacing the bacteriophage suspension in ojten tubes, and 
immersing them for 3 minutes in a water-bath regulated at the desired 
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temperature, (^ertainly under such conditions the temperatui’e reached 
by the liquid in the tube is not that of the water-bath. Nevertheless, 
by this method he found that all races of the bacteriophage were de- 
stroyed at 102’(!;. 

That the bacteriophage resists a temperature of 100°C. has also been 
stated by Sciiiert.'’®^ He filtered a suspension of the bacteriophage 
through a Bcrkefeld candle, and he then suspended the candle in the 
neck of a flask containing Ijoiling water. After 1 or 2 hours, during 
which time the candle remained in the steam, he filtered some sterile 
bouillon through the candle and determined whether bacteriophagy 

* We may note that Tcliang Kouo Ngcn und Wagnmans slate that this t)ac- 

teriophage, which lesisted temperatures up to SO°C. in one experiment, wa.s 
inactivated at 72 '’C. in a later test. Thi.s appeals rather peculiar. 
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took place when this filtrate was added to a suspension of susceptible 
bacteria. These experiments have been criticized by Gildemeister and 
Herzberg,^*® by Prausnitz®*® and by Flu.*®^ The last named author, 
in particular, has investigated this method, finding that if a culture of 
the staphylococcus is filtered through a very porous Berkefeld candle, 
and if this candle is then treated according to the technic of Seiifert, 
the temperature reached in the candle is insufficient to kill the staphylo- 
cocci, although as is well-known the thermal death-point of this organ- 
ism is about 60°C. This renders it all the more evident why the bac- 
teriophage appeared to resist such high temperatures. 

One can only conclude from all of this that the bacteriophage corpuscle 
is destroyed at a temperature which it is impossible to accurately deter- 
mine, but which is certainly about To^C. It is also obvious that the 
“apparent” destruction corresponds to a complete attenuation of the 
virulence, that this attenuation is progressive, and that it is proportion- 
ate to the temperature to which the corpuscles are exposed. 

It is useless to cite figures for the different races, for whatever may be 
the bacterial species attacked, inactivation of the bacteriophage takes 
place, dei)ending ui)on the virulence, at a tem])erature between 65 and 
75°C. Only the figures given by Gerretsen, Grj-ns, Sack, and Sohn- 
ggn228 for their bacteriophage races virulent for B. radieicola will be 
inserted here. This selection is made simply because their races are 
active for an organism which is but very distantly related to all of the 
other bacteria known to be susceptible up to the present time. They 
found tliat one race of this bacteriophage, virulent for B. radicicola, 
strain sarrandella, was inactivated at 65'’C., while the races virulent 
for B. radicicola, strains clover and lupine, resisted this temperature. 
F,ven with these newly discovered races, entirely unrelated to those 
previously knoivn in.sofar as the bacterium involved is concerned, we 
find that fho temperature of inactivation essentially the same. 

l-'rom the experiments of de Necker*'® it appears that not all of the 
different corpuscles within a single suspension are inactivated at the 
same tempi'raturc. Homo of the corpuscles appear to be veiy fragile, 
others more resistant.. 'Phis is not at all surprising, for all bacterial 
cultm-es show the same thing. It has long been known that when a 
culture is exposed to heat a great many of the bacteria will die at a 
temperature far below that rc(iui.site to render the entire culture sterile. 
De Necker “titrated” the bacteriophage by the method of dilutions, a 
method which, in this case, is ade<iuate, for here the differences are so 
considerable that the lack of precision does not invalidate the results. 
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The suspension used was a Coli-bacteriophage, active in a dilution 
of 10“^ 

After exposure for 30 minutes at 46°C. it was still active at 10""^ 

After exposure for 30 minutes at 4S to t54'’C. it was stilll active at IP7® 

After exi)osure for 30 minutes at 50 to 62®C. it was still active at lO""^ 
After exposure for 30 minutes at C4°C. it was still active at 10“'^ 

After exposure for 30 minutes at Ot^C. it was still active at 10"® 

After exposure for 30 minutes at 68°G. it was inert 

Bacteriophage corpuscles, without regard to what race they belong, 
are always more resistant than arc the homologous susceptible bacteria. 
We have seen elsewhere that J3ordet and (.^iuca have taken advantage 
of this propert}" to isolate the bacteriophage. By heating a secondary 
culture, or a mixed culture, at about the bacteria will be killed 

while the bacteriophage will not be entirely destroyed. But although 
they are not destroyed we now know that an attenuation in the virulence 
of the corpuscles begins at a temperature well below oS^C"., and from this 
it is evident that this method of isolating the bacteriophage should 
never be used when it is desired to carry out experiniental work free of 
all criticism. Filtration through a candle or ultrafiltration through a 
membrane with large pores is always to be preferred. 

Employment of this defective method of isolation opens the way for a 
number of errors, all too frecpK'ntly appearing in some of the published 
work, wliich might readily have been avoided with a satisfactory 
technic. CUIdemeister, a very skillful bacteriologist, has recently ob- 
tained questionable results Ijecausc of such an error. 

Some time ago I stated'^^^ that experiment seems to show that cor- 
puscles are more sensitive to heat immediately after bacteriophagy 
than they arc several days later. Tomaselli*^''^ lias now confirmed this 
fact, and his experiments arc here presented in summary. 

A Shiga-bactcriophage was used, the tests being made immodt 
ately after dissolution was completed and again tw^o days later. (See 
table 28.) 

Hiat the bacteriophage corpuscle appears to undergo a diminution 
of volume during the first few days after the Ijaclcriophagic process is 
completed has been stated above. We ikjw sec that during this same 
period it appears to actiuirc a somewhat greater resistance to heal. 
This must be the result of a condensation of the corpuscular substance. 

The cmly author who has measured the resistance of the bacteriophage 
when, in fee diy state is llaudiiroy, who found that it was destroyed 
at a temRrirature of 135®C. 
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TAB! JS 28 




ACTIVITY OF THE BACTERIOPHAGE AFTER HEATING 

TBMPBRA- 

TUKB' 

EXPOSURE 
TO HEAT 

Dilutions ^ 


10-2 

10-3 

10-4 j lO-s 

10-« 

10-’' 

10-« 

!()-• j 10“>« 1 lO-i’ 10 


I. Shiga-biictcriopliage immediately after bactcriophagy 
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II . The same bacteriophage suspension two days after bactcriophagy 



+ = the inoculated suspension remains turbid. 

It would appear from the number of corpuscles present, as shown by the active 
dilution, that the bacteriophage employed by Tomaselli was of maKimam viru- 
lence. It is certain that inactivation was not complete at thWe .was only 

an appreciable attenuation of the virulence, but this wasf^Bufficii^nt, to prevent 
a clearing of the medium. ' . . 
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To turn to the other aspect of the subject, namely, the resistance 
of the bacteriophage corpuscle to cold, I am, insofar as I am aware, 
the only one who has studied the (luestion. While at the University 
of Leiden I carried out at the Institute of Refrigeration a few experi- 
ments on the effect of cold upon the bacteriophage. The results are 
interesting.* 

The suspensions were enclosed in thick glass tubes sealed in the flame. 
The tubes were then placed for 10 minutes in liquid air. In some in- 
stances exposure to the cold was repeated several times. The essential 
data obtained are given in table 29. 

All of these races of the bacteriophage were of maximum virulence; 
control suspensions, inoculated with 0.001 cc. of an unfrozen filtrate, 
underwent bacteriophagj', dissolution being complete and permanent. 


TABLE 29 


KACB OK B-UTErtlOPHAOE 

\GK (time KLtPHBl) 

SINXK 

B VCTRTtlOPU VUY) i 

i 

NUMBER OK EXPOSlJKKft 
TO HQttlD AIK, 

10 MINUTE.S OX E VtTI 
OCrASIOX 

RESULT 

8higa 

17 days 

1 

Hesisted 

iSliiga 

4 days 

1 

Kesisted 

8biga 

6 days 

3 

licsisted 

iShiga 

5 months 

1 

Destroyed 

iShiga 

0 months 

3 

Destroyed 

Sta])h. 

11 days 

1 

Resisted 

Stai)h. 

47 days 

1 

Destroyed 

Stapli. 

3 months 

3 

Destroyed 


These experiments show, insofar as they go, that the young corpuscles 
resist exposure to a temperature of about --180°(.’., while the older 
corpuscles are destroyed. 

7. ACTION OP INOIiOANIO CHEMICAL SUBSTANCES 

The reports of those who have determined the effect of inorganic 
chemical agents upon the bacteriophage will be merely summarized. 

Adds and bases. lOliava and Pozerski'^*'® found that a Shiga-bac- 
teriophage was destroyed by standing for 24 hours in media with a pH 
of below 2.5 or above 8.4. In these experiments the pll values were 

• These experiments were made bat a short time l)efore my departure from 
Leiden, and I have not yet bad an opi)(>rtunity to repeat them. 1 present them, 
therefore, subject to confirmation. Caase.s of error arc so easily overlooked that 
a single experiment of tliis type has but limited value. 
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determiaed by Mouton by the electrometric method. Scheid^er®** 
reports that the corpuscles suspended in a medium with a pH of 4.5 
remained alive for 2 hours; and according to Davison'” the bacterio- 
phage is destroyed if 1 cc. of normal NaOH is added to 4 cc. of filtrate. 

Da Costa Cruz'®’ noted that the corpuscles were flocculated in dis- 
tilled water, but this finding does not agree with my observations pro- 
vided the distilled water is neutral in reaction. Unquestionably 
flocculation takes place if the distilled water is acid, indeed, under such 
conditions the bacteria flocculate also but as a rule, it requires a some- 
what higher acidity to cause bacterial flocculation. 

Reichert®®® has studied the action of acids and bases upon the bac- 
teriophage very carefully, and according to him, the different virulences 
manifested by a race of the bacteriophage are differently affected, some 
resisting degrees of acidity or alkalinity which destroy others. 

This can only mean that here the intensity of the virulence, just as is 
the case with heat, plays a determining role, within limits, upon the 
effects observed. 

Mercuric chloride. Bacteriophage corpuscles suspended in physio- 
logical saline containing 0.5 per cent of this salt remain alive for 3 days, 
but they are destroyed after 4 days (d’Herelle®®'). By means of com- 
parative determinations with the spores of B. anthrads Prausnitz and 
Firle®®® have found that the corpuscles are slightly less resistant than 
the spores. 

Sodium fluoride. Uliava and Pozerski'®® have found that the bac- 
teriophage remains alive for at least 24 hours in the presence of 2.5 per 
cent of this salt, while under these same conditions Prausnitz®®* ob- 
serv-^ed a considerable diminution in the number of corpuscles after 3 
days. In a 1 per cent solution the corpuscles (Shiga-bacteriophage) 
are destroyed after 15 days (d'Herelle). 

Potassium cyanide. That a very considerable reduction in the 
number of corpuscles occuiTed within 3 days in a medium containing 
2.5 per cent of this salt has been reported by Prausnitz.®*® In a 1 per 
cent solution, a Staphylo-bacteriophage was markedly attenuated after 
15 days (d’Herelle), and destroyed after 1 month. 

Sodium chloride. Marcuse'®* states that whatever the concentmtion 
of the salt, no destruction of the corpuscles takes place. If a filtrate 
is mixed with a saturated solution of salt and if this is evaporated at a 
low temperature the virulent bacteriophage nwiy; still, be found on the 
crystals. |V 

Sodium sulfate {anhydrous). Flu found that he couM impregnate 
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anhydrous sodium sulfate with a bacteriophage filtrate, and triturate 
the mass so obtained, without causing a destruction of the corpuscles. 
Bacteria also resist this treatment. 

Copper sulfate, A 1 per cent solution of this salt destroys the bac- 
teriophage (Shiga) in 4 days.^^i 

Oxygen. Arloing, Langeron and Sempe^^ have reported that shaking 
in the open air has no destructive effect upon the bacteriophage. 

8. ACTION OF ORGANIC COMPOUNDS 

Alcohol. Kabeshima has stated^*® that the bacteriophage resists the 
action of alcohol for several months, but I can not accept this statement 
for I have found, as has ever 3 "onc else who has worked on the subject, 
that the corpuscles are destroyed in less than 48 hours by 90 per cent 
alcohol. Indeed, de Poorter and MaisiU'^^ report that in 94 per cent 
alcohol, and even in 70 per cent, destruction occurs in less than 24 hours. 
Appclmans^^ states that a bactcriof)hage, originally active in a dilution 
of 10"^ was active only to a dilution of 10"^ after (> hours of contact 
with 50 per cent alcohol. lie found further that this titre remained 
intact for at least 20 days. 

Watanabc''^^ has obsei*ved a variation among different races as to their 
resistance to alcohol, for according to his experiments some races were 
already destroyed after 2 hours in 50 per cent alcohol, while other races, 
a majority, were destroyed after contact for 20 hours. All of the races 
with which he worked were destroyed by 75 per cent alcohol within a 
period of 30 minutes. 

Once more it appears that there are dift'ercnccs in susceptibility, and 
these variations must be associated with differences in virulence. 

Bronfenbrenner and Korb'^® have found that the bacteriophage was 
rapidly destroyed by absolute alcohol at ordinary" temperature, but ti)at 
it resisted for 5 or (> days if held at O^'C. 

Considering all of these findings it appears that the results obtained 
by the different workers are not strictly in accord, a fact unquestionably 
referable to differences in the technic employed. The fact, as I have 
shown, that a pure filtrate introduced into alcohol presents a much 
greater resistance than does the same filtrate previously diluted with 
water is suggestive. Ti’he reason for this difference is certainly the fact 
that in the first case the protein materials (derived from the culture 
medium and from the dissolved bacterial bodies) arc energetically 
coagulated, the bacteriophage corpuscles become enclosed in a mass of 
material which protects them from the action of the alcohol. This 
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p^tective action is still more marked with acetone, the coagulating 
action is still more energetic and the antiseptic action is correspondingly 
less.* 

In this connection, I might remark that all authors state that by 
reagents of tlus type the bacteriophage is first precipitated and then 
destroyed. This conclusion is of significance not only in connection 
with this particular experiment but in the case of all substances which 
coagulate proteins. Inasmuch as the corpuscles are always found in 
suspension in liquids which contain protein materials (even in the case 
where the culture medium is synthetic, for the dissolved bacterial sub- 
stance is present) we can not tell whether the corpuscles are precipitated 
directly as such or whether they are carried down mechanically enclosed 
by the precipitate which forms in the medium, ^at the corpuscles 
as such may be precipitated is possible, even probable, but as yet we can 
not prove it. 

A cetone. If wc add 0.25 cc. of an undiluted suspension of the bacterio- 
phage to 5 cc. of acetone we find that a destruction of the corpuscles 
occurs, — after 15 days for a Staphylo-bacteriophage, after 25 days for a 
Shiga-bacloriophagc. 

If this experiment is repeat )d, except that the acetone is combined 
with the same bacteriophage when diluted 1 : 1(K)0 with slightly alkaline 
distilled water it is found that the destruction of both races of the 
bacteriophage is complete after 3 days. 

Chloroform. I have found that when a suspension of Shiga- or 
Staphylo-bacteriophage is kept over a layer of chloroform a very definite 
attenuation may be noted even after Si hours. 

Essence>i. The corpuscles maintain their virulence unimpaired when 
held for 8 days in media saturated with essence of thyme, or essence of 
cloves (d’Herelle’^'). 

Phenol. The bacteriophage (Shiga) is destroyed after contact for 7 
days with 1 per cent phenol (d’Herelle***). In a 10 per cent solution 
of this antiseptic it is destroyed in less than 24 hours. Watanabe*** 
has observed that the rapidity of destniction by phenol depends, in some 
measure, upon the race of bacteriophage tested. Acting over a period 
of 24 hours, a 1 per cent solution destroyed some races, while with other 
races it required a 2.5 per cent solution, or even a 4 per cent solution, 
to exert the same effect. 

* On several occasions I have observed a curious fact, namely, that bottles of 
acetone were contaminated by B. aubtilis, whose spores appeared to resist the 
action of this substance for a long time. 
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Lactic and oxalic adds. These acids, in 2 per cent solutions, destroy 
the corpuscles in less than 24 hours (de Poorter and Maisin®**). 

Formol. Pruusiiitz and Firlc“® obtained the following results when 
1 cc. of a bacteriophage suspension was added to 1 cc. of a 3 per cent 
solution of formalin (formic aldehyde concentration, 0.6 per cent). 


Duration of contact 

1 minute 

5 minutes 

10 minutes 

20 minutes 

Control, 1 cc. of bacteriophage -f 1 cc. physiological saline 


Number of plaques 
foujul upon spreading 

4 

1 

0 

0 

8000 


Antifonnin. Destruction occurs within a few minutes in a 2 per cent 
solution (Sciffert). 

Tdruline {hydrated derivative of naphthalene). The resistance of 
bacteriophage corpuscles to this antiseptic is essentially the same as that 
of anthrax spores (Prausnilz and Firle®®*). 


TABLE 30 


QT IMVE 

HTDROfTfbOHIDtJ (IOPEU 
CENT SULT TION) 

PERIOD OF COXT VCT 

RESULTS 

Plaiujcs on agar 

In bouillon 

tr. 

hour A 



0 

24 

80-90 

Dissolution 

O.LV) 

24 

80-90 

J^issolution 

O.oO 

24 

SO-90 I 

Dissolution 

0.75 

24 

10-15 

Dissolution 

1.0 

24 

None 

No bacteriophagy 


Lysol. Prausnitz and Firle®''® have also tested this antiseptic, finding 
that the bacteriophage is a little more resistant than are the spores of 
B. anthrads. 

Furfural. Bacteriophage corpuscles are inert after exposure for 24 
hours in a mixture of equal parts of corpuscle suspension and of 2 per 
cent furfurol. 

Salts and derivatives of qumine. Eliava and Pozerski‘** introduced 
5 drops of a Shiga-bacteriophage suspension into 10 cc. of physiological 
saline and added to this dilution variable quantities of a neutral 10 per 
cent solution of quinine hydrochloride. Table 30 summarizes the results 
which they obtained. 

They fur^er state that the pla<iucs obtainc<l upon the agar spread 
from the cfpiitrol suspension and those derived from the first two dilu- 
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tions were all of a diameter, about 2 mm. l"he spreading corresponding 
to the 0.75 cc. dilution of the quinine salt gave, as indicated above, from 
10 to 15 plaques, but here the plaques varied greatly in size, some having 
a diameter of about 2 mm., others being far smaller. 

But whatever may be the significance of this variability in plaque 
formation, it clearly appears that the bacteriophage is either destroyed 
or rendered avirulent after 24 hours in a 1 per cent solution of quinine 
hydrochloride.* 

Just as for all antiseptic agents which have been tested, Watanabe'^*® 
found that different races of the bacteriophage show a variable degree 
of resistance for the salts of quinine. Desstruction, or rather, as we have 
seen, avirulence is accomplished wfithin 24 hours by the addition of 
from 5 to 50 per cent of a 10 per cent solution of quinine hydrochloride. 

Wolff and .lanzen®®* have worked wdth a number of the quinine 
derivatives,— optochin, eucupine, vucine, and chinosol. To bacterio- 
phage filtrates mixed with a suspension of a susceptible bacterium 
they added variable amounts of these antiseptics and found that at a 
certain concentration (with chinosol, 1:000) the mixture when spread 
on agar no longer gave plaques. At first sight it would seem that the 
corpuscles are here destroyed, but this is not the case. The corpuscles 
have simply become “latent.” They have lost all activity for the 
bacterium, but they are not destroyed, for it is only necessary to add a 
drop of this mixture to a fresh suspension of the susceptible bacterium 
and to spread this over agar to obtain characteristic plaques. They 
performed this experiment with B. coli, B. typhosus. B. dysenteriae, 
and with the staphylococcus, using four races of the- bacteriophage. 

The result here is comparable to that which I observed with sodium 
fluoride, where also a quantity of antiseptic insufficient to kill the 
bacteria, even allowing their development, completely inhibited the 
bacteriophage corpuscles. 

Malachite green, yatren, rivanol, and trypaflavine gave Wolff and 
Janzen similar results. And they further noted that in the presence of 
very minute quantities of the antiseptics (chinosol, 1:4000) the develop- 

* Stimulated by these results reported by Eliava and Pozerski, Broeq- 
Rousseu, TJrbain, and Forgeot have tested the activity of quinine salts for the 
Streptococcus of equine strangles. They have seen that, just as with the bac- 
teriophage, the streptococcus underwent an attenuation of virulence, p.p-j"] ; to 
a complete lack of virulence, in the presence of quinine salts. The death of the 
streptococcus ultimately occuis, but only if the time Of rtM^taet is prolonged 
beyond that necessary to cause a complete loss of virulene^^^ -Inst Pasteur 
1923 , 37 , 322 ). ■ ’ •’ ’ 
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ment of corpuscles appeared to be more active. This is not beyond 
reason, for we know, indeed, that very minute amounts of certain anti- 
septic substancc.s exercise a stimulating action upon the growth of 
various specie.'* of bacteria. 

Brutsaert""^ reports that the corpuscles lose their virulence in 4 per 
cent solutions of quinine hydrochloride. Recovery of the lost viru- 
lence was slow; in his experiments it was not restored to its initial titre 
until after 20 to 22 passages. 

Glycerol. I'he bacteriophage is destroyed by pure undiluted glycerol 
(d’lJerelle and Bablet”- A mixture of 0.25 cc. of a bacteriophage 
(Shiga) and 5 cc. of anhydrous glycerol becomes completely inactive 
after 8 days if kept in sealed ampoules at a temperature of 37°C. 

Subsequent experiments have shown that the Staphylo-bacteriophage 
behaves just as do races active for the Shiga bacillus. The change 
brought about is a complete destruction, for it is impossible to restore 
the lost virulence by passago.s. 

Proca’’^' suspended a mixed culture of bacteriophage-R. coli from agar 
in anhydrous glycerol and observed that after 24 hours the bacterio- 
phage wiis destroyed. Transplants to bouillon gave normal cultures 
of B. coli. This would indicate that the bacteriophage is more sensitive 
to the action of glycerol than is the bacterium.* , . 

Bnitsacrt'*‘ has also reported that the bacteriophage }s .destroyed by 
anhydrous glycerol. ’ ■ ' 

In concluding this discussion of the effects of organic sdbstances on 
the bacteriophage it may be added that "J’oinaselli’** states that filtrates 
of B. subtili.H have no effect upon the bacteriophage corpuscles, and that 
lonesco-MikaiestP*”’ has shown that the corpuscles are unaffected by 
lecithin and cholesterol. 

9. VAUIAIULITY IN THE UESISTANCE OP THE BACTERIOPHAGE 

As first suggo'*ted by Otto, Muntor and Winkler,**® and later confirmed 
by a number of authors (Rruynoghe and Brutsaert,*'* Watanabe®** 
Reichert®®"), not only each race of the bacteriophage, but even each 
individual bacteriophage, behaves at different times in a different 
manner toward harmful agents, cither physical or chemical. This 
individuality does not stop even there, for with a bacteriophage which is 

' * If this experiment of Proca is confirmed another method of purifying mixed 
cultures will be available. 
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multivirulent the different virulences exhibited at the same time are not 
equally sensitive. Exposed to a given agent some of the virulences 
disappear, while others are retained (Reichert*®*) , and recent investiga- 
tions provide us with the reason for this diversity. 

We can reveal the presence of the bacteriophage only through mani- 
festations of its virulence. By the means now available the loss of 
virulence and destruction manifest themselves in the same manner, 
that is, by the lack of bacteriophagy. And yet, many experiments 
indicate that before an actual destruction occurs there is an attenuation 
of the bacteriophage or its virulences. When exposed to the action of 
many different physical or chemical agents, attenuation begins and 
progressively increases with the exposure so that with races having 
multiple virulences, the virulences disappear in the inverse order 
of their intensity, the weakest ones go first, the stronger ones next, and 
the chief and most intense one last. Up to the time when this chief 
one has disappeared interruption of the contact with the harmful agent 
leaves it stiU possible to restore the activity by the method of serial 
passages at the expense of susceptible bacteria. Working with Pozerski, 
I was the first to show this fact as it obtains in rejuvenation from the 
effects of temperature. Rut if the liarmful action is prolonged too far, 
the primary virulence is lost and the loss is permanent. When this 
occurs is the^bactoriophage dead? Does it still resist destruction for a 
time? It is impossible for us to tell. 

'I'he dimensions of the bacteriophage corpuscle are approximately 
those of the serum globulin micella (d’Herelle’i*). Its diameter is about 
20mm (Prausnitz'®*). Its chemical reactions show that it is formed of 
protein substances (de Poorter and Maisin*®*). 

The vitality of the bacteriophage corpuscle is very great (d’Her- 
clle’*i). Although the number of corpuscles diminish very considerably 
with preservation for several years, the viability is of much the aama 
order as is that of bacterial spores. 

The colloidal state is detennined solely by physical properties, inde- 
pendent of t’lie chemical constitution or of the hving or inert state of a 
particle. These basic characteristic properties are insolubility and 
size. Inasmuch as the bacteriophage corpuscle possesses the properties 
which inevitably lead to the colloidal state, it naturally exists in this 
^te. From the physical point of view the bactMiophaiP etapusde 
is a colloidal micella. 
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The bacteriophage corpuscle is flocculated by acids (da Costa Cruz***). 
It is adsorbed in an acid medium by kaolin and infusorial earth, but is not 
adsorbed by these substances in an alkaline medium (Gildemeister and 
Herzberg,®^* Prausnitz and Firle®^®). It does not cause a reciprocal 
flocculation in the presence of electro-negative colloids; when admixed 
with such substances even bacteriophagy takes place nonnally (d’Her- 
elle). All of its characters indicate that the bacteriophage corpuscle is 
the bearer of a negative electric chaise (d’Herelle). It is an electro- 
negative colloid, just as are the majority of bacterial species. 

The bacteriophage corpuscle is rapidly destroyed by ultraviolet rays 
(Appelmans**). It is not destroyed by radium emanations (Brut- 
saert*®*). Here again it behaves like the bacteria. 

Whatever may be the race of the bacteriophage, it becomes completely 
avirulent (or destroyed ?) at a temperature of approximately 76°C. 
(d’Herelle and Pozerski’®®). The different corpuscles of a single sus- 
pension are inactivated by exposure to very different degrees of heating. 
With some an impairment in activity appears at a temperature as low 
as 45°C. (De Neckeri*®). The temperature of apparent inactivation is 
related to the virulence (Hauduroy*®*). With a single race of the bac- 
teriophage having multiple virulences, these vimlences disappear in the 
order of their intensity, the weakest first (d’Herelle). 

When exposed to cold, the temperature of liquid air, experiment 
indicates that the resistance of young corpuscles is greater than is that 
of older ones (d’Herelle) . 

The resistance of bacteriophage corpuscles to the actibn of chemical 
agents is intermediate between that of vegetative forms and that of 
spores of B. subtilis (fl’Ilerelle®®')' As for temperature, resistance is in 
direct proportion to the virulence, for with a single bacteriophage, the 
weak virulences disappear first (d’Herelle). 



CHAPTER II 

Hypotheses Concerning the Nature of the Bacteriophage 

1. POSSIBLE HYPOTHESES 

Wc now know of what the phenomenon of bacteriophagy consists. 
We know that the agent which causes it exists in the state of invisible 
corpuscles, and that these corpuscles multiply during the course of their 
action, solely at the expense of living bacteria. 

What can be the intimate nature of these corpuscles? 

Let us first examine the general hypotheses which it is possible to 
formulate. There are three: namely, 

I. Bacteriophagy may be caused by the presence of a foreign chemical 
principle, that is to say, a principle not derived from the bacterium which 
undergoes bacteriophagy. 

II. Bacteriophagy may be effected through the action of a principle, 
either chemical or living, derived from the bacteria which undergo 
bacteriophiigy. 

HI. Bacteriophagy may be caused by a living principle foreign to the 
bacterium. 

'Fhese three major hypotheses cover all possibilities. Lee us examine 
them in turn, and see which of them is acceptable, that is to say, which 
of them is not contradicted by the facts 

7. Hypothesis of a chemical principle foreign to the bacterium 

This hypothesis has been sponsored by Kabeshima.®*® According to 
this author, there is within the intestinal tract of an animal, a caMyzer, 
derived without doubt from the leucocytes, which causes the dissolu- 
tion of bacteria by activating some pro-ferment normally present in thaan 
bacteria. 

We can rot admit that a chemical principle, whether it be termed 
catalyzer or enzyme, derived from the tissues of an animal, is able to 
reproduce at the expense of bacteria, since this implies the power to 
transform “bacterium substance” into "catalyzer substance.” To 
adopt this one must admit one of two things, either oiie must accept 
such a transformation and endow the catalyzer with the power of assimi- 
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lation, that is, make it a living being, or one must assume the catalyzer 
to exist preformed in the bacterium. And if we accept this second inter- 
pretation we fall into the second of the possible hypotheses, which we 
will consider sliortly. If on tlie other hand we can not admit either 
the one or the other of these two alternatives we are confronted by an 
absurdity, for such a chemical principle, incapable of reproduction, 
would quickly be eliminated in the course of successive passages. At 
that time when, because of dilution it would no longer be present as 
such, it would no longer be able to function, and serial activity would 
necessarily cease. 

As a matter of fact, wc can calculate at just what point in the succes- 
sive passages every trace of the chemical principle introduced into the 
first suspension of the series would be eliminated. Obviously this is 
when there would remain less than the smallest possible particle of 
matter, that is, when the volume of the original material remaining is 
less than an electron, whose mass, as calculated by physicists, is equal 
to 10“-^ grams. 

To take a concrete example: Introduce into 10 cc., that is, 10 grams of 
a bacterial suspension, 0.001 gram of a fecal filtrate (or blood, or any 
other material containing the bacteriophage principle). The bacteria 
are dissolved. Then remove 0.001 gram of this dissolved suspension 
and add it to 10 grams of fresh suspension. Dissolution again takes 
place, and when finished again remove 0.001 gram and introduce it 
into a third 10 grams of bacterial suspension. Once more, a dissolution 
of the bacteria will take place. And in this way, as we already know, 
the passages can be continued indefinitely. 

But, the 10 grams of the first suspension received 10 '* grams of the 
initial filtrate which contained the bacteriophage principle. A simple 
calculation shows that the second suspension inoculated can contain 
only 10~^ grams; the third only 10~^^ grams, the fourth, 10“^® grams, and 
the seventh, 10 -^ grams, dhis seventh suspension contains, then 
only 10 ‘27 grams of the filtrate which introduced the bacteriophage prin- 
ciple into the first tube of the series. The (piaiitity present is, at most, 
equal to a single electron. With the eighth passage, this cpiantity would 
fall to 10~*^ grams, a quantity virtually representing less than nothing, 
since it is less than an electron. Nevertheless this eighth suspension is 
dissolved, just as will be the thousandth, or the two thousandth. How 
can this phenomenon continue to take place since the catalyzer or the 
enzyme, — chemical subst.ances, introduced originally by the filtrate 
obtained from some substance from the body, — totally disappeared as 
far back in the series as the eighth passage? 
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Those hypotheses, of whatever nature they may be, which attempt to 
attribute the phenomenon of bacteriophagy to the introduction into 
the first suspension of the series of some “chemical principle ’ forei^ 
to the bacterium which undergoes lysis, whether this principle is desig- 
nated by the name catalyzer, soluble ferment, or by any other name, is, 
from a mathematical point of view absurd, and consequently, can not be 
accepted. 

II. Hypothesis of a principle derived from the bacterium 

Expressed in this way, in general terms, this hypothesis admits of four 
solutions. Manifestly, in the first place, the principle may be an 
abnormal product elaborated by the bacterium, in which case it can only 
function as a pathological ferment, or it may be a normal physiological 
product present in all bacteria. 

Upon further analysis each of these two concepts may be interpreted 
in two different ways. The principle elaborated by the bacterium, 
whether it be physiological or pathological, may be assumed to be either 
inert or living. 

The general hypothesis, therefore, consisting of the concept that bac- 
teriophagy is a phenomenon of dissolution caused by a principle elabo- 
rated by the bacterium itself, is open to any one of the four solutions: 

A. The principle is abnormal and inert. If this is true it can only be 
an “autolysin” resulting from a vitiation of the bacterial metabolism. 

B. The principle is abnormal and living. In this case it can only be a 
fragment of the bacterium freed at the moment of dissolution, and inci- 
dentally it must be a fragment which retains its capacity to multiply. 

C. The principle is normal and inert. It is then an autolytic enzyme 
elaborated by all bacteria. 

D. The principle is normal and living. Here again it must still be a 
fragment of the bacterium, retaining the property of multiplication, and 
a normal constituent of all bacteria. 

All of these hypotheses, with the exception of the second, have found 
supporters. The question of the bacteriophage has stirred up such 
diverse and singular conceptions that hardly anything can be said 
which has mt had its day. But let us consider these four interpreta- 
tions, and see how well they accord with the facts. 

A. Hypothesis of an abnormal inert principle. The first to adopt this 
concept were Bordet and Ciuca.»®'«“ Their theory comprised two ideas : 
first, under the action of some product elaborated by the leucoesrtes the 
bacteria undergo a nutritive vitiation leading to their dissoltttion,'* 
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and second, the nutritive vitiation is hereditary, a conception' rendered 
obligatory to explain the continuity of action in vitro, since obviously 
the original leucocytic product must disappear in the course of succes- 
sive passages. Let us consider the rational basis of these two ideas, as 
well as the experimental data leading to their formulation. 

1. Bordet and Ciuca gave guinea-pigs several intraperitoneaJ injec- 
tions of a culture of B. colt. A few hours after the last injection they 
removed some of the peritoneal exudate and demonstrated that it 
contained a principle lysogenic for B. coli. Thus, they concluded that 
the primum movens in transmissible bacterial dissolution resided in the 
leucocytes. In their first communication, they announced the early 
publication of comparable experiments carried out with other bacterial 
species. This publication lias never appeared, doubtless for good 
reasons. 

Let us observe first that such an experiment does not prove the point. 
The bacteriophage piinciple may always be found in the intestine, and, 
we know that normally, the intestinal bacteria can gain entrance to 
the circulation. In the horse, for example, we know that during the 
digestive period the blood always contains bacteria, B. coli in particu- 
lar. It may be, then, (piite normal for bacteriophage corpuscles to 
penetrate the walls of the intestine and appear in the peritoneal cavity 
because of the irritation induced by the injection of bacteria 
(d’Herelle,’'*''’). 

But this same experiment, the result of which is so inconclusive, does 
not constantly give the results described (d’Herelle®**). I have 
attempted to repeat it, to .satisfy myself as to the reasons why Bordet 
has not published further results on this phase of the subject. Upon 
several occasions, I have subjected guinea-pigs to repeated injections of 
B. coli, B. <]]i.^(‘ideriae, or ]i. tuphoHm, but in no case have I been able to 
obtain an exudate containing the dissolving principle. 

Furthermore, if the primvm niovcm of the phenomenon of bacteri- 
ophagy is resident within the leucocytes, it should suffice to take the 
leucoesrtes of an experimentally hyperimmuni/ed animal, to introduce 
them into a bacterial culture and thus ])rovoke the phenomenon, 
Kxperiment shows that this is impossible. I have tried several times to 
isolate a bacteriophage princiirle from the leucocytic layer which rests 
on the clot after coagidation of the blood of horses which were produc- 
ing anti-dysentery serum, that is, horses which had been receiving for 
several months, and in some instances for years, injections of dysentery 
bacilli. Without exception it has been impossible to detect in such 



HYPOTHESES CONCERNING NATURE OP BACTERIOPHAGE 


material a principle causing the dissolution of dysentery bacilli 
(d’Herelle««). 

2. As for the theory offered by Bordet and Ciuca to explain serial 
action, it is built up entirely on the dictum that, the “nutritive vitia- 
tion” is “hereditary.” The significance of such a statement is revealed 
by the following facts. 

When a trace of a filtrate containing the bacteriophage principle is 
added to a suspension of susceptible bacteria the bacteria are dissolved. 
The limpid material thus formed is filtered through a porcelain candle 
impermeable to bacteria. A trace of the filtrate so obtained, is intro- 
duced into a second suspension containing onlj"^ fresh normal bacteria, 
and their dissolution follows. This second suspension, now that it in 
turn has become limpid is filtered, and a trace of tire filtrate is added to 
a third suspension, again containing only normal bacteria. This 
results in their dissolution. And this process can be continued in this 
way, serially, for an indefinite i)eriod. 

P'iltration through a porcelain candle intervening between each pas- 
sage renders it certain that, with the trace of filtrate, none of the bacteria 
whatever of the suspension previously dissolved are passed on to the 
suspension into which this trace of filtrate goes, to later produce dissolu- 
tion. Since none of the bacteria of the suspension which was apparently 
dissolved were transported into that which is next to undergo bactcri- 
ophagy where is the opportunity for the transmission of an acquired 
character? How can one invoke heredity when there are no descendents? 

How, then, can Bordet and Ciuca expect us to behove that an heredi- 
tary character can be excreted in a soluble state, that this character can 
be passed through a porcelain filter, that it can maintain itself in a fluid, 
increasing and decreasing in potency, and that it can be communicated 
to a healthy bacterium by simple contact with this liquid? I think that 
it is needless to discuss such a theory whicii, although it has not been 
explicitly stated in these terms by Bordet and Ciuca, is the only one 
to accord with experimental facts and observations, if, in spite of every- 
thing, they would have us support the idea that the phenomenon of 
bacteriophagy is caused by an hereditary nutritive vitiation of the 
bacteria.* 

It has seemed wise to some authors to vary this theory somewhat. 
Thus, Kuttncr«99 would derive the nutritive vitiation of the bacterium 

* Bordet seems to have abandoned his hypothesis. Others, Ciuca for exam- 
ple, continue to support it, without, however, considering in any way the argu- 
ments, such as are here presented, which were published in 1923.»‘» 
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from the action of some ferment originating in the intestinal tract or 
tissues of the animal. Lisbonne and Carrire'^^o would invoke a ''bac- 
terial antagonism.'"* 

Seilfert*^^* is also the author of an hypothesis, according to which the 
phenomenon takes place through the action of some chemical substance 
outside of the bacterium. The facts show, he says, that bacteriophagy 
is effected through the action of a substance which is outside of the 
bacterium, hence it must necessarily be an "exogenous autolysis," 
due to an exogenous autolysin. This is all very simple. But words 
can not bo accepted in the phu^e of proof. It is desirable, at least, to 
explain in a plausible manner what this exogenous substance is and how 
it reproduces. 

Doerr^^® likens the Imcteriojihage principle to a toxin exercising its 
action upon the bacterial meta])olism. This toxin should be regenerated 
by the diseased bacteria, standing thus, he says, in analogy with the 
phenomenon described by lY'yton Kous as taking place in connection 
with chicken sarcoma. There is some logic in Doerr's point of view, 
but as a matter of fact it is not proved that the "cause" of the sarcoma- 
tous process is not a living being, an ultravirus which reproduces at the 
expense of the diseased cells.t lo establish an assumption of this 
kind it is first necessary to demonstrate that the sarcoma is caused by a 
toxin. However, Doerr states explicitly that the hj/pothesis of an auto- 
lysin is not plausible. ( \)iisequently , he admits that the something 
which he calls a toxin is a princi])le foreign to the bacterium, endowed 
with the power of multiplying at the expense of this bacterium, that is to 
say, he admits that the action continues in series because, in the course 
of each passage, "bacterial substance" is transformed into "lysogenic 
substance." If this "lysogenic substance" is living, we can comprehend 
very readily that it may be able to transform "bacterial substaiice" 
through a phenomenon of assimilation into the material of which it is 
itself composed. But Doerr assumes that it is an inert substance. 
Consequently it is essential to show that such a transfonnation is pos- 

* I have sliown®®^ that one of the two bacteria which, as they say, react on each 
other, must be in reality a culture admixed with the bacteriophage. Beckerich 
and Hauduroy,^®’®® and later Bordet*' have observed the same thing. Lisbonne 
and Carr^re seem, as a matter of fact, to have abandoned their hypothesis, for 
they have not replied to these contradictory observations. 

Fabry and van Benoden,'®* who had accepted the point of view of Jdsbonne 
and Carrftre, later recognized the fact that one of the two bacterial species in- 
volved in such an experiment was contaminated by the bacteriophage, and they 
have now adopted the hypothesis of the living nature of the bacteriophage. 

t Leucocytes according to the work of Carrel. 
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sible, and that this transformation can take place without the int^vention of 
assimilative phenomena^ for, assimilation being a physiological charac- 
teristic of life, a substance which assimilates is alive. 

However, Doerr is consistent. He admits that the bacteriophage is 
an ultra virus to just the same degree as are the agents of rabies, of vac- 
cinia, of encephalitis lethargica, and of sarcoma, but in his opinion 
all of these ultraviruscs are simply products elaborated by the diseased 
cell. The demonstration of the contrary will be given in a later 
chapter. 

Despite all these new terms, this is but a resurrection of the old theory 
of Stahl ‘‘all bodies brought to a state of putrefaction, readily transmit 
this state to another body as yet free of corruption.'' This theory of 
the multiplication of a principle by communicated motion was supported 
by Liebig in his famous discussion with Pasteur on the mechanism of 
fermentation. Pasteur demonstrated experimental^ that such a con- 
ception was false, and it would have seemed that the facts were defi- 
nitely accepted. Whether it be vital phenomena, or communicated 
motion, the discussion and the demonstrative experiments are based 
upon the same ideas; it is simply a case of descending a step or two in 
the scale as regards the magnitude of the beings involved. 

Whatever may bo the words used to clothe the hypothesis that bac- 
teriophagy is claused by an abnonnal inert substance derived from the 
bacterium, it will always be impossible to explain how it leads to a serial 
vitiation of the bacterial metabolism without the intervention of a 
foreign principle, functioning as a c^use and perpetuating itself through 
the passages. Bordet clearly realized the necessity for such an explana- 
tion, and he provided the only one which can account for the serial 
vitiation in the bacterial metabolism without the intervention of a 
foreign factor. But his explanation docs not accord with the facts, 
hence it can not be accepted. 

In 19233-^J I published the arguments refuting the hypothesis, in the 
form in which it was developed, explaining bacteriophagy as being due 
to the action of an “abnormal autolysin." These arguments have 
since been repeated.^^s.as^ None of the adherents of this hypothesis 
have disposed of my objections, nor have they made any mention of 
them. 

B. Hypothesis of a living abnormal principle, derived from the bacterium. 
As I stated above, an hypothesis of this nature has not yet been formu- 
lated. Despite its strangeness, it w^ould not be, however, any more 
illogical than the preceding. Basically, it would be even less so. 

If, at last, such an hypothesis is advanced, it obviously will be sub- 
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ject to the same criticisms that have been directed toward thjf preceding 
hypothesis. .y 

C. Hypothesis of a normal antolysin. This hypothesis together with 
that assuming the living nature of the bacteriophage, has shared in 
attracting the greatest numl)er of supporters.* 

The following have definitely declared themselves as being in favor of 
the idea of a normal autolysin: \i’'ollstcin/®^ Gildemeister,^^^ da Costa 
Cruz,’®*^ Davison/^^ Otto, IMunter, and Winkler, Bachmann and 
Aquino,-^® Pico,^^® Miessner and Baars,'^’** Weinberg and Aznar,®^^ 
Kraus and Marais,®®® Letlingham,'^®® Ellis, Werthemann,'’^® Jotten,®^® 
Proca,®^^ Borchardt,^® Putter and \'allon,®-'® Lepper,^®® Meuli,*^*’^ Scheideg- 
ger,®®® Eastwood,^®® v. Angorer,® Lieberinann,'*^^ Fejgin,^®® Hadley,®^* 
Arkwright, MareUwSe,"'®® Selinabel,^^^ Yasaki,®^^ Petrovanu,®®® Arnold 
and Weiss,®® and loncsoo-^Mihaiesti.®®® 

• What are the arguments which have been advanced by these authors, 
particularly with reference to the fact that bacteiial strains may be 
found containing the bacteriophage principle? 

A priori the idea of an aiitolytic process is not, indeed, absurd, for we 
know, as a matter of find, that all cells contain within themselves fer- 
ments capable of dissolving the cellular body. It is well, however, to 
recall that under normal conditions of existence, it is rare to obtain a 
total autol3^sis, as a rule the autolytic process loads simply to a disag- 
gregation involving but a limited numl)er of colls. The dissolution is 
incomi)lete, and the procc>ss ends in the formation of an insolul.)lc amor- 
phous mass. Such is the case, and otiKn's might be mentioned, for 
autolysis of B. dysenteriac, B. coU, B. pestis^ Staphylococcus albus and 
aureus, etc. Cultures or suspensions of these bacteria held in bouillon 
for even several months, contain amorphous particles, together with a 
great number of bacteria, dead but still intact. As a matter of fact, 
the culture is almost as turbid as it was at the beginning. The phenom- 
enon of bactcriophagy is very difTcrent, for within a few hours all of 
the bacteria are completely dissolved, without residue of any kind, and 
the medium becomes as clear as uninoculated bouillon. 

Furthermore, it is significant that a natural spontaneous autolysis is 
never observ(*d with young bacteria, while ])acteriophag3'^ takes place 

* It is interesting to sec Iuav tliose who support one or the other of these two 
hypotheses are distributed. In generjil, Anglo-Suxon students favor the autolytic 
hypothesis, while those \ising the Latin languages (wit h the exception of the South 
Americans) are, with but few* excei)ti<ins, in fav<>r of tlic hypothesis of the living 
nature of the bacteriophage. The Germans are divided, some favoring the first, 
some the second conceiH. 
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with the greater vigor the younger the bacteria and when the conditions 
for life are at their Optimum. And, as wo know, the phenomenon 
takes place poorly, or niay not occur at all, with suspensions of old 
bacteria. 

The partisans of the autolytic theories are then, it seems to me, con- 
fronted by an obligation to explain the paradoxical fact presented by 
their conceptions, namely, that the phenomenon of bact eriophagy occurs 
with young bacteria which have no natural autolytic tendency, and 
does not take place with old bacteria which autolyse spontaneou.sly. 

But despite these contradictions, the fact that normal bacteria con- 
tain autol3diic ferments makes it imperative that we analyse this hy- 
pothesis further. It is necessary to demonstrate, not that such an hy- 
pothesis is improbable, but that it is impossible. I am the more inter- 
ested in this hypothesis, since when I was the only one interested in 
the phenomenon of bacteriophagy, and long before any of this discus- 
sion developed, I carefully considered this hypothesis as a possiVde 
explanation of the process which I w'as studying,®'® only to reject it 
because it was contrary to the experimental facts. Although rejected 
at that time because it failed to accord with certain demonstrated 
experimental facts, the proof of its inadequacy is today on a distinctly 
different plane, for we are now able to present direct evidence, demon- 
strating that the lysogenic principle, the cause of bacteriophagy, is 
distinct from the autolysins and that it can not be present in a normal 
bacterium. 

Let us consider first the validity of the argument upon which the 
hypothesis explaining bacteriophagy as being due to the action of a 
normal autolysin has been built.* 

The argument advanced is correct, but it is open to several interpre- 
tations. Beyond question it is possible to isolate, from some bacterial 
strains, a principle which causes the phenomenon of bacteriophagy. 
Indeed I have reported that such an isolation is possible, and I was the 
first®®' to show how such mixed bacterial strains could almost uniformly 
be obtained. It is only necessary to use strains of JB. edi derived from 
cases of infection of the urinary tract. This observation has been since 
confinned by several authors (among others, Tomaselli®** and 
ILauduroy 

The question of natural mixed cultures has been discussed at length in 

• The hypothesis of “splitter” of Bail can be refuted on the same grounds as 
that of an autolysin. 
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Chapter V, where we found that even those who support the autolytic 
theory agree that bacterial strains from which it is possible to isolate 
a bacteriophage are the exception rather than the rule. The presence 
of the principle in the bacterium is, therefore, an abnormal occur- 
rence, a point which causes the argument to lose much of its force, even 
reacting against the hypothesis which it pretends to support; for this 
fact suggests the idea that the “anomaly” may, indeed, be a principle 
foreign to the bacterium, that it is, in a word, a contamination of these 
rare “lysogenic” strains. 

Is this hypothesis involving a possible contamination biologically 
absurd? By no means. For we find throughout nature many instances 
of the same type. We know, for example, that Paramecium bursaria, 
and Hydra viridis, arc normally pai-asitized by a minute green alga, 
Zoochlorella vulgaris. It is very rare to find paramecia which are free. 
It is even possible to carry the contaminated paramecia through suc- 
cessive generations and demonstrate, after a number of such passages, 
both the paramecia and the parasitizing Zoochlorella in the cultures. 
If by chance some uncontaminated paramecia may be secured from 
some uncontaminated outside source it is only necessary to place them 
in a jar containing contaminated paramecia to have them all, in turn, 
become parasitized. And although this contamination becomes, in a 
sense, hereditary, it docs not interfere with the normal reproductive 
capacity of the paramecia. \\'hitney* has succeeded in curing infected 
hydra by adding glycerol to the water to a concentration of 1 per cent. 
In this solution the hydras expelled the Zoochlorella and acquired an 
immunity, for when re-transferred to some plain water containing the 
Zodchlorella, they were not reinfected. Paramecia are, therefore, 
able to live without the Zoochlorella, but the reciprocal of this is not 
true, for Zoochlorella is an obligate parasite able to develop only within 
the host. 

Another example may be mentioned. The Myxobacteria form a 
group of symbiotic beings, which may be cultivated serially, but after 
any number of cultivations whatever a Myxomycete and a bacterium 
will always be found in association.f The Myxomycete feeds upon 

* Whitney, D. U. — ^Artificial removal of the green bodies of Hydra viridis. Biol. 
Bull., 1907, IS, 291; Further studies on the elimination of the green bodies from 
the endodenn cells of Hydra viridia. Ibid. 1908, 15, 241; See also 

Caulery. — La symbiose chez les auimaux. Bull. Inst. Pasteur, 1921, 19, 
569; 617. 

t Pinoy, E. — R61e des bactfiries dans le d6veluppmcnt de certains Myxomy- 
c5teB. Ann. Inst. Pasteur, 1907, SI, 622; 686. 
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and develops at the expense of the bacterium, but this does not prevent 
an indefinite continuance of the sjunbiosis. By isolation procedures 
it is possible to obtain either pure bacteria, or a suspension containing 
only the spores of the Myxomycetc, but while the bacteria can be cul- 
tivated in pure culture indefinitely, the spores of the Myxomycete 
will not germinate and will not give birth to vegetative forms unless 
the bacteria arc present. 

I emphasize these examples of symbiosis in which, despite the parasi- 
tism of the one of the two constituents, subcultures in series give symbio- 
tic cultures indefinitely, for they show that, even if bacterial species 
normally contained the bacteriophage principle, it could not be inter- 
preted as absolute proof that the principle is derived from the bacte- 
rium as such. It would still be necessary to exclude the chance that this 
was not simply another e.xample of the symbiotic relationship, a sym- 
biosis between bacteriophage and bacterimn, both beings being alive. 

The examples cited above offer a most perfect resemblance to the 
situation existing when a bacterial strain is contaminated by bacterio- 
phage corpuscles. As stated above it is quite fwssiblc to interrupt the 
symbiosis between Zoochlorella and Paramecium or between Myxomy- 
cete and Bacterium. And in the same way the symbiosis between 
bacteriophage and bacterium can be interrupted, simply by appljdng 
the usual bacteriological procedure for the purification of bacterial 
cultures, that is, the method of colony isolation. After a series of two 
or three transfers by means of isolated colonies, often even after the first, 
the isolated colony will yield normal bacterial cultures r.,i longer admixed 
with the bacteriophage principle. 

Thus, we see, that, on the one hand, the implantation en bloc of a 
bacterial culture containing the lysogenic principle gives an indefinite 
series of cultures containing this principle, and that, on the other hand, 
a simple seeding by means of isolated coloi.ies is adequate to break this 
symbiosis, for the rc-seedings of isolated colonies give normal bacterial 
cultures, 'i'here is an absolute parallelism between symbiosis involving 
the Myxomycete and the Bacterium, and that involving the Bacterio- 
phage and the Bacterium. The method of purification is the same in 
both cases, and in both cases also, the normal bacterium can be further 
cultivated alone in series, while the parasite, whether it be the Myxomy- 
cete or the Bacteriophage, can be cultivated only in the presence of the 
bacterium at whose expense it reproduces. 

It would require volumes to exhaust this question of ssunbiosis in 
nature. The phenomenon is a general rather than an exceptional occur- 
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rence. And its importance is very considerable, for symbiosis is in large 
ipeasure responsible for evolution.* The term symbiosis is, however, 
rather poorly chosen, for it dates from an epoch when it was thought 
that the communal existence of the two beings necessarily involved a 
mutual benefit. Wo now know that symbiosis is always a struggle, 
which, as a rule, ends in the elimination of one of the two contestants. 

But the history of science presents a very curious thing in the discus- 
sions which crop up each time that a new example of symbiosis is dis- 
covered. The last one, prior to the one now engaging our attention, 
related to the lichens. It is unwise to go into details which would 
carry us too far afield, although the alga-fungus symbiosis, constitut- 
ing a lichen, is in all respects comparable to that between the bacterium 
and the bacteriophage It is suflicient to recall that when Schwendener 
had shown that the being which was thought to be an individual was in 
reality dual in nature, there were impassioned discussions, and Nylan- 
der, the most noted lichenologist of the day, refused up to his death to 
accept such a manifest heresy. 

A mixed culture, comprising bacterium and bacteriophage, is in 
reality a culture of a microscopic lichen. A bacterium in symbiosis 
with a bacteriophage is a ‘'microlichen.” And it would not be strange 
(I say this advisedly, for, although as yet incontrovertible evidence is 
lacking, I have reason to suspect such a thing) if certain bacterial 
species may be recognized only when in the form of “microUchens,” 
that is, as mixed cultures. 

We have seen from our study of mixed cultures that it is experimen- 
tally easy to transform a normal culture into a “lysogenic” culture, the 
only essential being to transfer, en bloc, a secondary culture. Can such 
strains be purified? As we know it is only necessary to transfer them 
through individual isolated colonies and the majority become ultrapure. 

Nevertheless, if we permit a secondary culture to age for several 
months, we find that the “bacteriophage-bacterium” symbiosis becomes 
more and more intimate. At the outset, if 20 colonies are isolated 
from such a secondaiy culture, one only (sometimes none) may be 
mixed, the other 19 being ultrapure. With an old mixed culture, the 
percentages are reversed, the mixed colonies greatly outnumber the 
ultrapure colonies. 

For two years I have maintained two mixed cultures (derived from 

♦ The study, as yet hardly touched upon, of the mutations which take place 
in the course of the Bacteriofihage-Baeterium symbiosis, is of a nature to throw 
much light upon the phenomena of evolution. 
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transplants of experimentally produced secondary cultures), one of 
bacteriophage-staphylococcus, the other of bacteriophage-coli, by trans- 
ferring them en bloc on agar about once'a month. \ 

After two years, the cultures have an absolutely normal appearance, 
but filtrates from a transfer made in bouillon invariably cause bacteri- 
ophagy of a pure culture of the homologous susceptible bacteria. But it 
has been impossible to obtain ultrapure colonies by agar isolations. 
With these old secondary cultures all colonics give cultures from which 
may be isolated a bacteriophage, showing thus that every bacterium in 
the mixed culture is contaminated. In order to derive an ultrapure 
bacterium from these it has been necessary to have recourse to the 
method described above, namely, effecting a series of cultures at a 
limiting temperature in a bouillon acidified to the growth limit. After 
this treatment an ordinary isolation on agar has yielded ultrapure col- 
onics. The symbiosis becomes more and more intimate, therefore, as 
time passes, but a separation is always possible. 

Could it not be assumed that the “bacteriophage-autolysin” exists 
in all bacteria even though in all of them it can not be demonstrated? 
The fact that bacterial strains can be purified already shows that this 
can not be true, but it is possible, in still another manner, to show that 
such an interpretation is merely a fabric of words. Subject a bacter- 
ial culture to the action of a vi^^llent bacteriophage. Bacteriophagy 
takes place and this dissolution, say the adherents of the autolytic the- 
ory, is brought alwut through the action of an autolysin contained in 
the bacteria. If this explanation is correct, a normal culture of this 
same bacterium should contain it, for not to admit this is to imply that 
bacteriophagy is caused by something other than an autolysin. This 
question may be investigated by a method which leaves no question as 
to the significance of the results obtained. 

Jaumain®’^ has recently described a procedure which leads to the 
complete autolysis of several bacterial species, of the staphylococcus in 
particular. He prepares abouillon suspension of bacteria removed from 
an agar slant and introduces this suspension into a test tube which is 
then scaled in the flame, making every effort to have as little air as pos- 
sible remain in the sealed tube. 

Several times I have attempted to perform experiments leading to a 
complete autolysis in order that I might compare a true autolysis with 
the autolysis induced by the bacteriophage, but my plans never suc- 
ceeded, for the shnple reason that, under natural conditions, autolysis 
does not take place with the species of bacteria for which I have up to 
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the present time isolated active bacteriophage races. Consequently it 
was impossible for me to compare the phenomenon of bacteriophagy 
with an autolytic process which did not occur The new method of 
Jaumain, effecting autolysis in a limited amount of air, now renders such 
^ comparison possible since it may be applied to the staphylococcus for 
which effective bacteriophages arc available. It is only fair to add that 
Jaumain, a collaborator of Bordet, was the first to note that the liquid 
resulting from autolysis in confined air does not cause a dissolution of a 
fresh suspension of the homologou.s bacteria. 

I have performed the experiment according to Jaumain’s technic 
using strains of the staphylococcus for which I had a very active bac- 
teriophage. This, naturally, anticipates any objection that the strains 
of the staphylococcus used were of a type which would not lend itself 
to bacteriophagy. 

The experiment was performed with three different strains of the 
staphylococcus, and for each I demon.strated : 

First, that suspensions in Iwuillon remained indefinitely turbid (6 
months) and that such suspinhsions filtered serially did not cause the 
phenomenon of bacteriophagy; they were, therefore, not contaminated 
by a bacteriophage princif)le ; 

Second, that suspension.s in l)ouillon were dissolved completely in less 
than 36 hours through the action of an added bacteriophage principle, 
the phenomenon being reproducible in series indefinitely, either with or 
without filtration between each pas.sage. The dissolution was always 
complete, without any residue. 

Pure suspensions of these staphylococcus strains in bouillon, with- 
out the addition of any substance whatever were scaled in tubes with a 
limited amount of air. Within a period of from 2 to 4 days at 37°C. 
they were completely autolyzed. 

Everyone who has wished to liken the phenomenon of bacteriophagy 
to autoljdiic processes has as.sumcd, and, indeed, they could offer no 
other explanation, that the bacteiaa in being dissolved through the 
action of a filtrate, li})erate into the medium the autolysin which they 
contained. Autolysis in confined air is induced necessarily by the action 
of an autolysin normally present in the bacterium and this autolysin 
must be liberated into tlie medium when the bacteria undci^o 
dissolution. 

This is, then, the autolytic process which has been advanced as an 
explanation of the phenomenon of bacteriophagy, and it is evident that 
if this hypothesis is correct, the limpid liquid which is obtained when 
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autolysig is once completed ought to effect the phenomenon of bacteri- 
ophagy. But experiment shows that this liquid is absolutely inert. 
Bouillon seeded with the homologous staphylococcus 3 delds, despite the 
addition of any quantity of the autolysis fluid, a normal culijure, com- 
parable in all respects to a control culture made by implanting the 
staphylococcus into plain bouillon. A suspension of the staphylococcus 
to which the autolysis fluid, filtered or unfiltered, is added in any quan- 
tity whatsoever, behaves just as does a normal control suspension. 
Spread over an agar surface it gives a normal culture, never showing 
any signs of the plaques characteristic of bacteriophagy. 

These experiments show by a direct method that the bacteriophage 
principle is not an autolysin and that it is not present in the normal 
bacterium. 

But, you may say, no doubt this is true, it may very w’ell be that bac- 
teriophagy is not a “normal autolysis,” neverthcle.ss bacteriophagy may 
occur as the result of some phenomenon in which autolysins intervene. 
Indeed! This is an entirely different affair, and is an hypothesis which 
we are quite willing to consider. But, however that may be, it is cer- 
tain that the principle which “i)rf)V(ikes” bacterioiihagy is not a con- 
stituent of tiic normal bacterium; the experiments recorded above show 
this conclusively. 

Very recently Gildcmcister and Hermann thought that they had, at 
last, disclosed a fact supporting the idea that the bacteriophage is 
produced by the bacterium. They isolated a strain of B. coli which 
was “lysogenic;” whose filtrate caused an intense bacteriophagy of 
B. (hjsenterktc. But this took place only when they cultivated the 
colon bacillus at a temperature above 15°( '. In cultivations below this 
temperature they could not demonstrate the lytic principle. And so, 
they reasoned, if we make a scries of cultures at 10°C. we will lose the 
strain of bacterioi)hage and then if we subse'}uentl 3 '- cultivate it at 37®C. 
the cultures should no longer bo lysogenic. But, they found, on the 
contrary, that under these conditions the later cultures w'ere perfectly 
lysogenic. From these observations they concluded that the bacterio- 
phage is a product of bacterial metabolism, produced only under 
restricted conditions, insofar .as temperature is concerned, between 15® 
and 37°C. 

The experiments of Gildemeister arc always very well executed, but 
he should, neverthelcs.s, employ methods beyond criticism. The method 
of isolating the bacterioph.ago which he employed is defective, and has 
frequently led to erroneous conclusions. To determine whether his 
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cultures grown at 10“C. were free of the bacteriophage he heated them 
at 58°C., and as he was unable to reveal a bacteriophage after such 
treatment he concluded that it was not present. Such an assumption 
is not valid. In an earlier chapter some experiments have been detailed 
which show that the bacteriophage ).s attenuated at even lower tempera- , 
tures than 58°C. I would state once more that any method of isolation 
involving heating should never be used in important experiments if one 
wishes to avoid a very important source of error. Flu has informed me 
that he has repeated Gildemcister’s experiments with the same strain 
of B. coli, (sent to him by Gildemeister) obtaining quite different results. 
His technic, however, differed for lie used filtration in the place of heat, 
for isolating the bacteriophage, lie found that after a series of ten 
successive cultivations at 10"( the filtrate prepared from the last cul- 
ture contained a bacteriophage. Obviously this renders the conclusion 
of Gildemeister subject to revision. I\Tiat happened in the original 
experiments was that by growth at 10°C. an attenuation occurred, so 
that the bacteriophage became completely aviralcnt when heated to 
58°C. 

The only thing disclosed by Gildemeister’s experiments is that the 
bacteriophage, wliieh as we know undergoes an attentuation when cul- 
tivated at high temperatures, is also attenuated when grown at a low 
temperature. 

And finally, in order to finish with this question, it may be stated that 
some of the supporters of the autolysin hypotheses have, as a matter of 
fact, realized that they are inadequate to explain the facts, for bactcri- 
ophagy has no single character in common with autolysis. Thus, Otto 
and Munter^*’'* have suggested that the normal autolysin may be 
enhanced by iiassage through liltcrs of porcelain or by heating. This 
again is an explanation whieli does not conform to the facts, for with a 
bacteriophage of maximum virulence, bacteriophagy takes place with- 
out the subsequent development of secondary cultures, and with such a 
race it is possible to continue serial bacteriophagy indefinitely, inoculat- 
ing each fresh liactcrial suspension with a trace of the suspension pre- 
viously bactcriophagixl, w’ithout ever bringing the active principle in 
contact with a filter and Avithout ever subjecting it to heat. 

Experiment shows, tlierefore, that the principle responsible for bac- 
teriophagy is not a constituent of normal bacilli ; hence it can not be an 
autolysin. Does an autolysin play any part in the phenomenon? This 
is quite possible. But hoAvever that may be, the principle which 
is the essence of the phenomenon, which assures the continuity in 
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series, is not itself an autolysin, since it is not present in the normal 
bacterium. 

D. Hypothesis of a living principle^ normally present in the bacteria^ 
This is the hypothesis of Bail. I have been fortunate to find a resum6 
of this theory in a communication of this author recently published, 
for I confess that I would have been embarrassed to explain it. Here is 
the r6sum4. 

Drawing an analogy with superior cells, there takes place in them two proc- 
esses, especially in that which concerns the chromatin, the dissolution of the 
old substance and the reconstruction of that of the new cells. As these processes 
are always linked to changes in the chromatin, one has a right to attribute a 
causal relationship to the activated chromatin and to attribute to it the capacity 
of dissolution and of reconstruction. One might admit that these capacities may 
be separated in inferior cells. Tf, for some unknown reason, the capacity for 
reconstruction is lost, that of dissolution may remain active. In such a case the 
cellular elements would be dissolved, while their reproduction would be impossi- 
ble. The chromatin continues but through this modification it has acquired new 
properties. It has become bacteriophage. In the presence of new cells in the 
process of multiplication, two phenomena occur, union with the bacteriophage 
followed by action of the bacteriophage. The new chromatin has two proper- 
ties, dissolution and reconstruction, and now adding that property of the bac- 
teriophage, dissolution, there will now be operative two dissolutions for each 
reconstruction. This last is not possible, hence the chromatin passes into the 
bacteriophage state. Consequently the latter increase in numbers. 

As for chromatin it is necessary to consider the elements, the chromosomes, 
which are, in a general way, the elements of the hereditary substance. These 
elements are attacked individually Viy the bacteriophage. If, by this action, a 
chromosome, for example, is deprived of its chromatin two i>v7»sibilities arise; 
either the cell can not live without it, in which case it di'?t:uives, or, life is possible, 
in which case it becomes bacteriophage-resistant. This means that the bacterio- 
phage no longer finds in this chromatin the clement which it can attack; it is 
no longer itself, but something else. The more chromosomes, the more bacterio- 
phages theoretically possible. 

The more phrases, the more hypotheses, each one the more improbable 
than the others; they are cumulative. It is needless to enter here into 
a discussion of this hypothesis. The facts which have already been 
detailed in opposing the preceding hypothesis, and those which will be 
presented in the next chapter shoAv that Bail's theory, as well as the 
other concepts which would derive the bacteriophage principle from the 
bacterium itself, ‘‘do not choose to be hampered by the facts." 

Bail, and his pupils Nakamura, Watanabe, and Matsumoto (although 
these last have not ventured to clearly explain the above) are the only 
partisans of this strange theory. 



326 


THE BACTERIOPHAGE AND ITS BEHAYIQB 


HI. The bacteriophage is a living being, to^fhe 

bacterium J 

This is the hypothesis proposed in my first publication. I had, 
indeed, considered the hypothesis of a fermentative action, and I had 
discussed it even before any one else had advanced it*‘® but since it did 
not conform to the facts it was rejected. 

Let me first list the declared supporters, or those who have recognized 
that the theory which considers the bacteriophage as a living being, 
foreign to the bacterium is the one which best conforms to the facts. 
The list includes: liablet,”’ Cjprup,®” Eliava,*''*’ Pozerski,!®^ Izar,««’ 
Bruynoghc,*'® Beckerich,” Ilauduroy,^*** Janzen,*^'* Wolff,®®® Polettini 
Bruno,®®® Vddrenne, Bastin, Prausnitz,®*® Asheshov,®® Beijerinck,®^ 
Kropveld;®®® Tomaselli,®®® Flu,®^® Bmtsaert,®®^ C’aublot;'^® Sardjito,®®® 
Pondraan,®*® Philibert,'’"® Fabry and van Beneden,^®® Reichert,®®" Meis- 
sner,®®" Kabelik,"'"’ Fehuunnan,®” and Preisz.®®" Maitland®"® and Woll- 
man,®"® although not explicitly accepting this hypothesis, have brought 
forth evidence which convinces them that the l)actcriophagc is foreign 
to the bacterium. 

As a matter of fact none of the authors who have adopted hypotheses 
other than that based on the living nature of the bacteriophage have 
expressly aflinned that any of the facts stand in contradiction to the 
hypothesis which I have formulated. 

The reader who has given attention to all of the peculiarities of the 
phenomenon of bacterioi)hagy, as presented in the preceding pages, to 
the discussion of the resistance of bacteri.i, to the action of the bacteri- 
ophage, and to the description of the characters of the principle, must 
have realized already that none of the facts stand in contradiction to the 
idea of the living nature of the principle which causes bacteriophagy.* 

■" I have already mentioned some of the odd arguments which have been ad- 
vanced to oppose the living nature of the bacteriophage, such as the fact that it 
exists in the colloidal state, that it is subject to the laws of adsorption, of floccula- 
tion, etc., arguments which, as a. matter of fact, are equivalent to saying that the 
fact that it partakes of the characters common to all living beings constitutes an 
objection to its living nature. But here is another argument, just as odd, but 
which, nevertheless, has been taken seriously by some of those who, on other 
grounds, support the hypothesis of its living nature. This argument is based on 
the fact that the first act of bacteriophagy consists in the fixation of the corpuscles 
to the bacteria. This is admitted, but it appears, indeed, that this is not “in 
favor” of the living nature of the principle. 

If, however, the bacteriophage is a parasite of bacteria, it might be expected 
to behftveas do all parasites, that is to say, that it might very well commence by 
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All of h3rpo^]|)eses designed to explain the phenomenon of bacteri- 
oph{^ either as*^fesult of the presence of a chemical principle, enzjrme 
or catalyzer, foreign to the bacteria, or as the result of a vitiation of the 
bacterial mctabohsm under the influence of a chemical principle, are, 
by virtue of the fact of serial action, inadmissible simply because they 
are mathematically absurd. 

On the other hand we have direct proof that the bacteriophage princi- 
ple can not be an autolysin and that this principle can not be present in 
the normal bacterium which undergoes dissolution. 

The result, then, is obvious, for, of all of the hypotheses advanced or 
which it is possible to formulate to explain the phenomenon of bacteri- 
ophagy, only one accords with the facts and with all of the facts. That 
one is the hypothesis which considers the phenomenon as being caused 
by a filtrable virus, by an ultramicrobe parasitizing the bacteria. 

But even if all of this is true this conclusion can, logically, only be 
considered as a ‘presumption. In order to tranfonn this presumption 
into a certaiiUy it is essential to provide direct proof of the living nature 
of the bacteriophage principle. This is the purpose of the following 
chapter. 

r^sum:^ 

There are three possible hypotheses, a priori; 

I. The bacteriophage principle is a chemical substance foreign 
to the bacterium. 

II. The bacteriophage is a principle derived from the bacterium. 

III. The bacteriophage is a living being foreign to the bacterium. 

I. The first of these ends in mathematical absurdity. 

II. The second hypothesis is open to four solutions: 

A. It is an abnormal inert principle derived from the bacterium. 
This hypothesis is inadmissible, because it fails to consider the facts. 

B. It is an abnormal living principle derived from the bacterium. 

coming in contact with its prey. These authors would be the first to exclaim at 
the absurdity of the idea, if such an argument were advanced to disprove the 
living nature of the Hematozoon of malaria, or of a Piroplasma. What would 
happen if one were to affirm that these parasites can not be alive simply because 
they fix themselves eleclively to the red blood cells! 

Unquestionably they would have a reply ready, “One may see the Hematozoon 
or the Piroplasm.” Peculiar reasoning. 

This argument is indeed typical of indirect argwnent, the sort which “fits in 
best” with the hypothesis of the author who has the most facile and flexible 
phraseology. 
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This hypothesis has not yet been aiivanced, but like the preceding, it 
would receive no support from the facts. 

C. It is an enzyme, normally elaborated by the bacterium. This 
enzyme can not be a normal autolysin. Among other objections, bac- 
teriophagy, as is recognized even by those who support this hypothesis, 
has none of the appearances of an “autolysis,” the characteristics of the 
two are even exactly opposed. This anomaly needs explanation if 
they would have us accept this view. 

The principal argument advanced to support this hypothesis is the 
presence of a bacteriophage princiide in cultures of some bacterial 
strains. This fact is in no way contradictory to the hypothesis of the 
living nature of the bacteriophage. Nature presents us with abundant 
evidence in the innumerable examples of such symbioses. Further- 
more, the fact that it is possible to purify “lysogenic” strains shows 
that the bacteriophage behaves Just as does any abnormal “con- 
tamination.” 

Finally it is possible to prove that the normal autolysin contained in a 
bacterium can not be the bacteriophage. 

Since experiment shows that the bacteriophage principle is not a 
normal autolysin, the autolytic hypotheses of bacteriophagy arc auto- 
matically excluded. 

D. It is a living principle, existing normally in the bacterium. From 
the moment when experiment demonstrated that the bacteriophage prin- 
ciple is not contained in the normal bacterium this theory becomes as 
unfounded as the preceding. Furthermore, the experimental data 
presented in the next chapter will show the inadmissibility of this 
theory, as well as the deficiencies of the preceding. 

III. The bacteriophage is a living being foreign to the bacterium. 
This is the sole hypothesis which is not in contradiction with any of the 
experimental facts of bacteriophagy'. It is the only hyiiothesis which 
provides rational explanation of all of these facts, without necessitating 
recourse to any other hypothesis. 

It is, therefore, the most probable hypothesis; the only one which 
takes into account all of the fact^. 



CHAPTER III 

The Nature op the Bacteriophage 

1. STATEMENT OF THE PROBLEM 

All of the arguments which have been advanced by the supporters 
of the different theories discussed in the preceding chapter are indirect 
arguments based upon circumstances of time or place. But it is not 
the place where a being is found, nor the circumstances which surround 
its discovery, that determine what must or must not be the intimate 
nature of the being. 

Statements to the effect that under natural conditions the bacterio- 
phage principle is found in some strains of bacteria; that the principle 
is encountered in the peritoneal cavity, in the blood, in the pus of 
abscesses, or in any tissue whatsoever, mean simply what they say. 
Can such things prove, beyond possible contradiction, whether the 
principle is a ferment or a living being? 

If it can be definitely proved, — a proof which has not yet been 
adduced, ^ — that tlie bacteriophage can act only upon a bacterium during 
the process of bacterial division, we will have additional information 
it is true, but will this exclude the possibility of the living nature of the 
principle? Would the fact that the moment of division is the critical 
moment for the cell exposed to the principle, and it aeems that this is 
true for all cells exposed to ultraviruses, imply that the principle is 
inert?* 

All of these things may be true, they say, nevertheless such and such a 
fact “fits in” better with this or that hypothesis. It is a question of 
evaluation, for one author the fact in question favors the hypothesis 

* Naturally we need not discuss those strange arguments based on facts which, 
according to some authors, are incompatible with its living nature, such as the 
fact that it is llocculated by distilled water containing very small quantities of 
acid, or that it presents the characters of colloids. These authors have doubtless 
reflected that many bacteria are flocculated by acids, and that it is, therefore, 
simply a question of more or less. Doubtless they recall that the colloidal state 
is the one peculiar to all living matter. They have certainly determined whether 
the bacteriophage must be a colloid or a crystalloid, for there is no thijrd state. 
Would they have needed to recognize in it the properties of crystalloids to enable 
them to believe that it might possibly be living? - , 
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which he is supporting, for another it favors his. This is precisely the 
reason why indirect argument proves nothing. It neither supports nor 
condemns, for by a clever argument each one can “make it fit” with the 
hypothesis which he is defending. 

An indirect argument lacks even a tentative value, as is shown by 
innumerable examples in the history of the sciences. In ortler to 
demonstrate the validity of any hjiiothcsis, or rather to transform an 
hypothesis into an experimentally demonstrated certainty, it is necessary 
to support this hypothesis by direct arguments, that is to say, by indis- 
putable facts which automatically and effectively exclude any and all 
other hypotheses. 

In reality, it is all reduced to a question of logic. It is necessary first 
to give the question a logical oxpre.ssion, and then to ascertain whether in 
the present state of our knowledge we are able to provide the answer to 
this question. 

Is there a property characteristic of life which will allow us to deter- 
mine whether a being is living or dead, depending upon whether the 
being in question docs or docs not possess this property? If there is 
such a characteristic property, does or does not the bacteriophage prop- 
erty possess it? ]3riefly stated, this is the whole question. 

If the bacteriophage principle does not possess this property, nothing 
can justify the statement that it is living. If it does possess it, discus- 
sion must end, for a being which possesses the characteristic by means of 
which we recognize life is necessarily living, and no amount of indirect 
ai^ument can transform a living being into an inert one. 

2. THE CRITERIA OF MPE 

What are the criteria of life? Can w'e consider as criteria such attri- 
butes as the faculty of motion, of increasing in volume, of exteriorizing 
a force, of exerting serial actions? Certainly not. For beyond ques- 
tion there are living beings which lack motility; an inert crystal may 
increase in volume; the wind gives expression to a physical force; tar- 
nishing of tin transmits itself serially; and yet none of these things are 
caused by living beings. 

What is it, then, that tells us that a being is living? 

Wo do not know what life is, simply because as yet we are unable to 
identify that physico-chemical property which confers on matter the 
living state. .But even if we do not yet know the essence of life we do 
know some of the resultants of it. We know that it is a composite of 



NATURE OP BACTERIOPHAGE 


331 


two fundamental properties, — ^the power of true assimilation, or assimila- 
tion of a heterologous mediiun, and the power of adaptation. We term 
all beings living which reveal to us that they are endowed with these 
properties; we call those inert in which these properties can not be 
detected. Moreover, these two powers arc always found in association, 
hence they must both be expressions of the same physico-chemical 
property of matter. 

Let us consider the two parts of this combination of properties. A 
crystal of copper sulfate, for example, immeraed in a concentrated 
solution of copper sulfate increases in volume; it adds to itself molecules 
of the copper sulfate present in the solution. Is it living? No. For 
if one wished to explain this aggregation of molecules by terming it an 
assimilation, it would at once be obvious that, the change is brought 
about in a homologous medium. 

Assimilation in a heterologous medium implies the power of modify- 
ing the heterologous substances contained in this medium rendering 
them comparable to the distinctive substance of the being which brings 
about the transformation. 

If the being, w'hose nature is under consideration, is visible macro- 
scopically, it is, in general, not difficult to ascertain whether or not it 
possesses the power of assimilation in a heterologous medium. We 
observe a lamb and we see that it feeds on grass and increases in size; 
we see that it gives birth to other lambs, and we know that of necessity 
they must have been formed of the grass. We know that the lamb 
transforms “grass substance” into “sheep substance ” it possesses the 
power of assimilation of a heterologous medium : it is living. 

If the being whose nature we wish to determine is microscopic we say 
that it is living if it is able, just as was the case with the sheep, to assimi- 
late a heterologous medium. We find that the bacterium multiplies in 
a man, for example, and we say that it transforms “man substance” 
into “bacterium substance.” It posse.ss(^s the power of assimilating a 
heterologous medium, and, therefore, by definition, it is living. 

If we are dealing with a being of such minute size that it is impossible 
to sec it even with the microscope, does this fact render the problem of 
its nature beyond solution? Is it impossible to ascertain whether or not 
it is capable of assimilating a heterologous medium? Not at all. For 
in no case do we see the actual assimilation; we observe only the effects 
of the process. The being increases in size or it multiplies in the heterol- 
ogous medium, and that is sufficient to justify the conclusion that it 
possesses the power of assimilation. 
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The power of adaptation may be defined as the faculty possessed by a 
being to respond by a specific opposing reaction to variations in the 
conditions of the medium. 

This is the sum and substance of the question of the fundamental 
properties of living matter. Does this combination of properties con- 
stitute the “criterion” of life? We may reply in the afiirmative, for 
all beings which man has classed in the category of beings which he terms 
“living” possess this combination of the two characters, while all of 
those which he allocates to the catcgoiy termed “inert” lack it. When 
one of these beings which we term “living” is placed under conditions 
suited to the manifestation of those criteria and it no longer exercises 
these properties we feel warranted in refusing to consider it longer as 
being living; we say that it is “dead.” For example, we heat a bacterial 
culture at a given temperature, and we implant a drop of the heated 
liquid into some fresh l)ouilIon. If we find that the bacterium utilizes 
the nutritive substaruics of the bouillon for its development, if, in a word, 
it “assimilates,” we say that it has not been killed. We affirm that it is 
still living. If, on the contrary, it does not “assimilate” wc say that it 
is dead.* 

If anyone refuses to admit that there is a “criterion” of life, and that 
this criterion is constituted of a combination of the powers of assimila- 
tion and of adaptation, all discussion as to the nature of any being 
whatsoever becomes vain. When such a.point of view obtains the most 
that can be attained is a quarrel of words, devoid of real meaning. 
The matter ends in an impasse, and nothing remains but to close the 
discussion, frankly admitting that all knowledge, of the nature of a 
being is impossible. This is said, however, without assuming that any 
student will arise to champion such an absurdity. 

It remains to us, therefore, to attempt to detennine whether the 
bacteriophage corpiiscle does or does not possess this combination of 
properties which constitutes the criterion of life. 

* “But” it may be said, “tliis is not quite true, wc say that it is living because 
it multiplies.” This is not correct. Unconsciously we reason differently. 
Immerse a crystal of cui>pcr sulfate in a saturated solution of this salt. The 
crystal multiplies. Do we infer that the crystal is living? No. Immerse a 
crystal of the same kind in a saturated solution of iron sulfate. There is no 
multiplication. Do wc say that it is dead? Obviously not. It is then, not because 
the bacterium multiplies that wc consider it a living being, but because it multi- 
plies by using the heterologous substances of the nutritive medium, transforming 
them into its own distinctive substance. Wc say it is living because it assimilates. 
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3 . THE AUTONOMY OP THE BACTERIOPHAGE CORPUSCLE 

If the being, whose nature is in question, is macroscopically or micro- 
scopically visible, it is not, usually, difficult to ascertain if it possesses 
the power of assimilation of a heterologous medium. When a bacte- 
rium multiplies within the body of an animal or in bouillon, we conclude 
that it has transformed the animal substance or the nutritive substances 
of the artificial medium into “bacterium substance,” and that, there- 
fore, it possesses the power of assimilation in a heterologous medium. 

If the being whose nature we desire to determine can not be seen 
because of its smallness, does the mere matter of size preclude the possi- 
bility of determining whether or not it has this power? Not at all. 
For in either case we do not see the assimilation. We deduce that it 
must occur because the being in question multiplies, using a heterologous 
substance in order to build up its own substance. 

The bacteriophage corpuscle multiplies at the expeqpe of the bacte- 
rium substance! Everyone admits this, and if the corpuscles were visible 
no one would question but what the process were one of assimilation. 
Hut in the case of the bacteriophage, and indeed, this is true for all 
ultraviruses, it may be objected that the substance of the corpuscle may 
be bacterial substance. In such a case the process would be a simple 
assimilation of a homologous medium, as in the case of the crystal which 
multiplies in a concentrated solution of a salt. Consequently, in order 
to demonstrate that the bacteriophage corpuscle assimilates when in a 
heterologous medium, it is necessary in the first place to show that 
“bacteriophage substance” differs' from “bacterium substance,” that 
is to say, it is essential to demonstrate that the bacteriophage corpuscle 
is an autonomous being, independent of the bacterium which undergoes 
its action. 

Proofs of the autonomy of the bacteriophage corpuscle are both many 
and varied. Some of them will be presputed in the next few pages. 

I. Since the beginning of my study of the bacteriophage I have iso- 
lated more than 100 races of the Shiga-bactcriophage from the stools 
of normal men or from patients convalescent from dysentery and other 
diseases; from the excreta of a variety of animals, - sheep, swine, cattle, 
dogs, cats, rabbits, chickens, ducks, geese, etc. — from the water of rivers 
and wells, from tap-water, and from the sea, and I have yet to find two 
races of the bacteriophage which are strictly identical as to their powers 
of attack and as to the intensities of their action upon different species of 
the colon-typhoid-dysentery group of organisms.®'* This is true despite 
the fact that throughout these investigations I have always employed 
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the same strain of B. dysenteriae SMga-Kruse in effecting passages for 
the pilrpose of increasing the virulence of these races of the bacterio- 
phage. It is evident that if the bacteriophage were a bacterial product 
all of these bacteriophage races ought to have been the same, pre- 
senting exactly the same properties, since in this case all were derived, 
from the same bacterial substance. Inasmuch as this is not the case, 
since each bacteriophage possesses its own characters, it follows that 
each race is definitely individualistic, and, from this point of view, is 
quite independent of the bacterium at the expense of which it has mul- 
tiplied. The bacteriophage is, therefore, an autonomous being. 

II. Everyone admits that the bacterium can acquire a resistance to 
the bacteriophage. This is an actual immunity transmissible to the 
descendents throughout a certain number of generations. But in the-' 
absence of the bacteriophage this acquired immunity gradually dimin- 
ishes and Ls finally lost. And when this has occurred the bacterium is 
again as susceptible as it was prior to the acquisition of the immunity. 
This fact can be understood only if the “substance" of the corpuscle 
differs from the “substance" of the bacterium, that is, it can not be 
interpreted unless the bacteriophage is an autonomous being, independ- 
ent of the bacterium. 

III. Under natural conditions “lysogenic” strains of bacteria, from 
which it is possible to isolate a bacteriophage principle, may occasionally 
be encountered. Such strains can aLso be produced experimentally. 
We have seen above that it is possible to “purify” a bacterial strain by 
the ordinary bacteriological method of colony isolation. This suggests 
strongly that the bacteriophage corpuscle behaves like an “impurity” 
contaminating the bacterial culture. How would one expect by such a 
simple procedure as isolating individual colonies to purify a bacterial 
culture of some product which it itself produced? The bacteriophage 
corpuscle is therefore foreign to the bacterium, and being foreign, is 
autonomous. 

IV. We have seen that B. typhosus is a heterologous species as regards 
the bacteriophage, that is, different strains of this bacillus are not all 
attacked by the same race of the bacteriophage. Each race of Typho- 
bacteriophage has an affinity for some strains of B. typhosus and remains 
entirely inactive toward others. Here, we are dealing, not with an 
acquired resistance, but with a natural resistance, for this resistance is 
not lost by a series of successive cultivations in the absence of the bac- 
teriophage. The majority of strains which are not attacked by one 
race of the bacteriophage are susceptible to another. 



NATURE OP BACTERIOPHAGE 


335 


Janzen and Wolff 3^2. 375 taken advantage of this peculiarity to 

demonstrate the autonomy of the bacteriophage with reference to the 
bacterium, and their experiments are worthy of consideration. 

They selected three races of the Typho-bacteriophage, attacking the 
different strains of B. typhosus, Re, Wi, and Sm. They maintained 
these three bacteriophage races with a single strain of B. typhosus 
(strain Sm, isolated from the stools of the patient who furnished the 
bacteriophage Sm). After a series of passages, all contacts being 
made with /i. typhosus Sm, determinations of the activity of the three 
races for a number of typhoid strains showed the results in table 31.* 
It is very evident that if the bacteriophage were a bacterial product 
the three races of the bacteriophage should have become uniform, since 
all three developed during several passages at the expense of the same 
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bacterium, B. typhosus Sm. But, as the experiment shows, this was not 
the case. Each bacterium retained its own characteristics and again it 
follows that the bacteriophage is an autonomous being, possessing its 
distinctive characters, independent of the bacterium at whose expense 
it has developed. 

With regard to the characters of these races of the bacteriophage, 
Janzen and Wolff made an interesting incidental observation. They 
asked me to give them such races of the Typho-bacteriophage as I had 
in my collection. I sent them six tubes of the bacteriophage, marked 
Tv\ TV-, Tv^, Tl;^ mb and r/’.t Some time later they asked me if I 

* For the method of determining the degree of virulence of a bacteriophage see 
the section ‘‘Appreciation of Virulence.” In the method employed by Janzen 
and Wolff three indices of activity were used: inhibitory power, dissolving power, 
and the formation of plaques on agar. 

t For the sake of simplicity I have adopted the custom of designating the 
bacteriophages by the initial letter (Greek) of the bacterium for which the viru- 
lence was the strongest when the race was isolated. For example, 5 indicates a 
Shiga-bacteriophage, a<p a Staphylo-bacteriophage,Tu, a Typho-bacteriophage, x a 
Coli-bacteriophage. To this is added the number of the race. 
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were sure that I had sent them six different races. As I had been 
accustomed to give a different number to each race I replied to them in 
the affirmative, although I could not verify this statement from my 
experimental protocols which I was unable to consult since I was at the 
University of Leiden and my records of these races were in Paris. 

They found, as a matter of fact, that after these six races of the bac- 
teriophage had been subjected to serial passages with a single strain of 
B, typhosusj the virulences were as shown in table 32. 

From these results these races could clearly be divided into two groups 
one comprising races 1 and 2, ihe other races 3, 4, 5, and 6. This indi- 
cated that there must have Ix'on some mistake on my part. And they 
had good reasons for such a susf)icion. Some time later, being in Paris, 
I consulted my laboratoiy protocols, and I found that these races of the 
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bacteriophage had been isolated before I adopted the notation later 
used, and I had designated by the different numbers a bacteriophage of a 
single race which had bcicn through passages with different strains. 
In reality, races 1 and 2 were derived from a convalescent from typhoid 
fever, while races 3, 4, .5, and 0 were all obtained from another case. 

The disl inguishing characters of a race of the bacteriophage are so 
marked, evim after repeated passages with different strains of a 
bacterium, oi* even after passages with bacteria of different species, that 
it is possible to distinguish them from all other races. This would not be 
the case if tlx' bacteriophage were a product of the bacterium, for then 
it could not retain its individuality in this way. 

V, Maitland performed an experiment which is essentially the reverse 
of that of Janzen and Wolff. He isolatfxl a bacteriophage which was 
virulent for both B. pamiuphosun B and B, dyHentcriae, This, he car- 
ried through a series of passages, on the one hand, with B. paratyphosus 
B, and on the other, with /i. flysmteriae. He found that tlie bacteri- 
ophage remained the same, whether it was maintained at the expense of 
the one or the other of these bacteria. 
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As Maitland veiy logically states, if the increase in the bacterio- 
phage principle were the result of the metabolism of the bacterium, just 
as soon as one obtains an increase of a single principle at the expense of 
bacteria belonging to different species, the characters of the principle 
should differ to accord with the regeneration, depending upon whether 
it takes place with one bacterium or with another. But experiment 
shows that quite the opposite occurs, that the bacteriophage remains 
endowed with the same properties. Consequently Maitland has con- 
cluded that the bacteriophage is not a bacterial product, but that it is 
foreign to the bacterium. 

VI. Asheshor’" isolated from the intestinal contents of a pig two 
different races of the bacteriophage, both active for B. dysenteriae 
Flexner. Upon agar, one formed very large plaques, 12 to 15 mm. in 
diameter, the other produced only very minute plaques, from 1 to 2 
mm. He carried out two parallel series of passages at the expense of a 
single strain of the riexncr bacillus, the suspensions for each passage 
with the two races being prepared from the same agar culture. After a 
series of 15 passages, each of the bacteriophages had retained its ovm 
character, the one yielding large pla(iucs, the other, minute ones. If 
the bacteriophage were a product of the bacterium, unquestionably 
the two should have become uniform. As this did not happen, Asheshov 
concluded that the bacteriophage is an autonomous entity, independent 
of the bacterium at the expense of Avhich it multiplies. 

VII. Gratia and do Namur‘“^‘ have made use of bacteriophage races 
particularly well adapted to demonstrating the fixitj’ of characters as 
well as the autonomy of the bacteriophage. I'or their experiment they 
selected tlie polyvirulent Staphylo-bactcriophagc, race /i, active for all 
strains of albus, aureus, and (utreus, and a second Staphylo-bacterio- 
phage, race v, whose virulence is strictly limitpd to a single Staphylococ- 
cus albus, strain V. They subjected the polyvirulent bacteriophage h 
to a series of passages at the expense of staphylococcus V, and found 
that its properties were retained intact. 

Inasmuch as this experiment seemed i)articularly well adapted to 
demonstrate the point, I have repeated it, using every precaution to 
forestall objections.®*® 

Incidentally, it may be well to point out that for an experiment of this 
type to be beyond criticism, it is necessary to carry the race of bacterio- 
phage (here, race h) through a sufficient number of passages with the 
given bacterium (here, strain K) so that by virtue of the successive dilu- 
tions it will be impossible that any of the original liquid confining the 
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bacteriophage (that is, the material added to the first suspension to 
induce bacteriophagy) can remain. As we knQw, this degree of dilu- 
tion can be calculated. Physicists have determined that the smallest 
particle of matter is the electron, Avhosc mass is 1-10“*’' grams. When, 
as a result of successive dilutions, we introduce into one of the tubes of 
the series a quantity less than 1-10“-’' gram of the initial bactcriophagO 
filtrate, we may be sum that we no longer have any of the initial filtrate, 
and conseciucntly, none of the bacteriophage corpuscles (in the present 
experiment, bacteriophage h) inoculated in the fimt suspension of the 
series. 

Still another precaution should be taken, namely, to heat, at 60°C., 
the bacteriophage filtrate inoculated into the first suspension (here, 
Staphylococcus albus V). This eliminates the possible objection that 
this filtrate might have contained some filtrable form of the bacterium 
(Staphylococcus aureus) which, being inoculated in the first passage, 
might persist throughout the whole series, and which, indeed, may be 
the organism at whose exp(;nse the bacteriophage multiples and per- 
sists in its poly virulence.* 

Bearing those things in mind, this experiment was performed. In 
each of the successive passages 10 cc. of a staphylococcus V suspension 
was inoculated with 0.001 cc. of a bacteriophage h suspension, and the 
series was continued, the ([uantitative relationships being the same, the 
bacterial suspension being freshly prepared from the same strain, and 
the bacteriophage suspension being in every instance a heated filtrate of 
the last suspension dissolved. As wc haVe. shown elsewhere, in the 
seventh suspension of the series the degree .of dilution of the initial 
suspension of bacteriophage is I-IO"’’', that is to say, in the present 
experiment 1 cc. of the seventh suspension can contain but 1-10~^® 
grams of the t)riginal suspension of bacteriophage h. Such a quantity 
is imaginary ami represent s nothing real, since it is smaller than an elec- 
tron. It is certain, therefore, that the eight h suspension of staphylococ- 
cus V will not receive any of the original bacteriophage h corpuscles. 
When the dissolution of the organisms of this eighth suspension is 
completed all of the corpuscles present will be those which must have 
reproduced at the expense of the Staphylococcus albus V. But, experi- 
ment shows that the bacteriophage corpuscles of this eighth suspension, 
when bacteriophaged, as also are those present in the fifteenth when the 

* In repeating this experiment I have taken the precaution, not only to filter 
and to heat at 60°C1. the first suspension of bacteriophage h, but I have repeated 
both of these procedures with each of the 15 passages. 
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passages are continued, show the distinctive characters of bacteriophage 
fe, in particular, its polyyirulence. 

This experiment, which offers no chance for misinterpretation, which 
yields a result so absolutely clear-cut, for it is impossible to confuse two 
characters as distinct as univirulencc and multivirulence, demonstrates 
that the bacteriophage is an autonomous being, independent of the bac- 
terium at the expense of which it multiplies. 

As a matter of fact, bacteriophage v attacks strain V only. If it is 
a product derived from the metabolism of the bacterium it must be 
elaborated by the V strain of Staphylococcus albus and its character 
of specificity depends upon the staphylococcus which produces it. If 
this conclusion is not admitted the alternative is to recognize that the 
properties of the bacteriophage are independent of the bacterium which 
undergoes its action, and this enforces acceptance of the autonomous 
nature of the bacteriophage. If, on the contrary, one considers the 
bacteriophage to be a product of bacterial metabolism and if this con- 
ception is valid, all of the bacteriophage corpuscles derived from the 
metabolism of staphylococcus V should present the same characters, 
especially that of being univirulent. Bacteriophage A, because of the 
serial passages, should have lost its character of multivirulence. But 
the result is precisely the opposite. After any number whatever of 
such passages it remains muliivirulent. From this, therefore, it is 
certain that the bacteriophage possesses its own characters; and but 
one deduction can he drawn, namely, that the bacteriophage is an 
autonomous being, independent of the bacterium at whose expense it 
multiplies. 

\TII. I have repeated the preceding experiment in a somewhat differ- 
ent way. To begin with, bacteriophagy of a suspension of staphylococ- 
cus V was induced by the inoculation of a suspension of bacteriophage 
h, previously heated to GO'^C, After a coinolote dissolution the limpid 
suspension was returned to the incubator at a temperature of 41®C. 
After 3 days a secondary culture developed. For the past two years 
this mixed culture has been carried on by transfers made about once a 
month. After 24 subcultures a filtrate was made from a seeding of the 
mixed culture of the last transfer. This filtrate contained the bacterio- 
phage, and this bacteriophage had all of the characters of bacteriophage 
h. It was multivirulent. 

A mixed culture, — Bacteriophage 2;-Staphylococcus V, — has been 
maintained for about four years, having undergone many transfers 
(from 30 to 40). It still contains a strictly monovirulent bacterio- 
phage, attacking staphylococcus V only. 
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Like the preceding, this experiment leaves no doubt as to the independ- 
ence of the characters of the bacteriophage from the bacterium at whose 
expense it has reproduced. The bacteriophage is, then, unquestionably 
autonomous. 

IX. The autonomy of the bacteriophage is shown also by the experi- 
ments of Bordet and Ciuca.®^ Indeed, these authors state that ‘‘Sero- 
logical study indicates, therefore, that the lytic power is a really new 
character.'^ This is, in terms adapted to their point of view, a recogni- 
tion of autonomy. 

We will see later, that as a result of the repeated injection of an ani- 
mal with a bacteriophage suspension, an anti-bacteriophagic property 
appears in its serum. 

Bordet and Ciuca treated some rabbits as follows: 

Rabbit 1; received a series of injections of a culture of normal B. 
coli. 

Rabbit 2; received a like number of injections of this same B. coli 
after it had been bacteriophaged. 

Rabbit 3; received the same series of injections of a secondary cultw^e 
derived from the same strain of B. coli. 

They found that the sera of the last two animals neutralized the 
homologous bacteriophage, while the serum of the first had no neutra- 
lizing property whatever. The bacteriophage possesses, then, antigenic 
properties peculiar to itself and definitely different from those inherent in 
the bacteria at wdiose expense it develops. Thus, it is an autonomous 
being. 

WoUman and Brutsaert'^* have recently repeated this experiment and 
have reached the same conclusion, — the autonomy of the bacteriophage. 

X. Proof of the autonomy is also derived from another experiment of 
the same authors. Bordet and Ciuca®^ impregnated agar slants with 
the anti-bacteriophagic serum and then seeded them with a secoikdary 
culture of bacteriophage-/^, coli. After incubation they found that 
the growth was a normal culture of B, colij all sub-cultures were normal, 
and the bacteriophage had been eliminated, — that is, “cured"’ accord- 
ing to Bordet’s expression. 

If a bacterium infected by a bacteriophage can be “cured” by scrum 
therapy it is evident that the bacteriophage must be a parasite, foreign 
to the bacterium.* 

* Prausnitz®^® saturated an anti-bacteriophagic serum (Shiga) with the homol- 
ogous bacteria, and found that the antibacterial properties were removed while 
the anti-bacteriophagic properties persisted. He concluded from this that the 
bacteriophage is different from the bacterium, that is, an autonomous being. 
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All of these experiments contribute in showing that the “spbstance” 
of the bacteriophage corpuscle is different from the “substance” of the 
bacterium at whose expense it multiplies; that the characters of the cor- 
puscle belong to it itself and are not determined by the characters of the 
bacteria which undergo its action. The bacteriophage corpuscle is, 
therefore, an autonomous being. 

4 . THE POWER OP ASSIMILATION OP TUB BACTERIOPHAGE CORPUSCLE 

The bacteriophage multiplies during the course of its action. We 
have seen that with highly potent races a single corpuscle inoculated into 
10 cc. of a suspension of a susceptible bacterium will yield, when bacter- 
iophagy is terminated, as many as 100,000 millions per cubic centimeter. 
The solitary one introduced into the 10 cc. of medium will have become 
a trillion; the suspension of bacterial cells will have become a suspension 
of bacteriophage corpuscles. The “mass” of bacteriophage substance 
has, then, increased from 1 to 1 trillion. 

Proof has been adduced that the bacteriophage is not a product of 
bacterial metabolism; that the bacteriophage corpuscle is an autono- 
mous being. And an autonomous being whose mass increases neces- 
sarily utilizes the substances found in its environment, transforming 
these heterologous substances into its own peculiar substance. Experi- 
ment shows that the bacteriophage multiplies at the expense of bacteria, 
that it must transform “bacterium substance” into “bacteriophage 
substance,” and this can only mean that the bacteriophage corpuscle is 
endoweil with the power of assimilating a heterologous medium. 

5 . THE POWER OP ADAPTATION OP THE BACTERIOPHAGE CORPUSCLE 

I. Wc know that the vigor with which a bacteriophage corpuscle will 
attack a given bacterium is capable, according to tho conditions of the 
experiment, of being enhanced or of being diminished. As a matter of 
fact, at the present time, this fact is universally accepted. 

May one say, with Seiffert,®^* that it is not really an exaltation or an 
attenuation in the virulence of the corpuscle for the bacterium, but 


This experiment of Prausnitz is open to criticism, for one may object that if 
one saturates a serum which is both antitoxic and antibacterial with young bac- 
teria the antibacterial properties will disappear while the antitoxic properties 
will remain, nevertheless, a toxin is certainly a bacterial product. 

Prausnitz is correct in his deductions, but his experiment is not beyond criti- 
cism. Those of Bordet and Ciuca, on the contrary, are not open to attack. 
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rather a variation in the bacterium, which “adapts itself” to produce 
variable amounts of the “lytic principle?” The obvious reply to this is, 
that proof being adduced that the bacteriophage corpuscle is a. being 
independent of the bacterium, such an objection falls ipso facto. But 
there is no necessity to dispose of the question in this summary 
maimer. 

If a bacteriophage of low virulence is inoculated into a bacterial 
suspension, and if a series of cultures is made, transferring each time a 
trace of the preceding culture into some sterile bouillon, without either 
filtration or heating between each passage, will we obtain an increase in 
the virulence of the bacteriophage? Not at all. Eveiyone is quite 
agreed on this point, T believe. And yet, if the conception of Seiffert is 
correct, under these eondil ions the bacterium should accustom itself to 
produce a more and more potent “lytic” principle. 

What is the procedure for obtaining an increase in the virulence of the 
bacteriophage corpuscle? iSimply effecting serial passages, taking care 
to introduce in each succeeding suspension no bacteria from the preced- 
ing suspension which have been in contact with the bacteriophage. This 
we accomplish either by filtering the suspension where bacteriophagy has 
occurred, or by heating it at a temperature sufficiently high to destroy 
the bacteria. Under those conditions we find that with each new pas- 
sage the virulence of the bacteriophage increases. 

Wherein is the logic in speaking of an adaptation of the bacteria, 
when, with each passage, the bacteria of the preceding suspension which 
have been in contact Avith the bacteriophage are systematically dis- 
carded? Only the corpuscles suspended m the filtrate are carried along 
in the passages, only they may pos-slbly become accustomed, — adapt 
themselves. 

But why, indeed, are we obliged to filter (or heat, although this is far 
less satisfactory) between each passage? Because the bacterium also, 
like all living beings, possesses the power of adaptation. But far from 
adapting itself to elaborate a ferment directed toward its own destruction 
its adaptation consists in the aeguisition of a resistance to the action of 
the bacteriophage. 

An abundance of experimental data demonstrates this process of 
bacterial adaptation, and it shoAvs with equal clearness that the result 
of the adaptation is exactly the opposite of the production of an “auto- 
lytic” principle. It is the development of a resistance to bacteriophagy. 
And meanwhile, the bacteriophage is adapting itself to an attack on the 
bacteria. 
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As Beijerinck** has very justly said, the single fact that the bacterio- 
phage can undergo an exaltation or an attenuation of virulence is sufl5.ci- 
ent from the point of view of logic to prove that it is a living being.* 

II. It has been demonstrated that the bacteriophage can accustom 
itself to the harmful action of glycerol.®*^ A mixture of 0.25 cc. of a 
suspension of Shiga-bacteriophage and of 0.75 cc. of neutral glycerol is 
made and the tube is sealed.f After a week the tube is opened and 1 cc. 
of anhydrous neutral glycerol is added. The tube is sealed and shaken. 
Each week this is repeated; the tube is opened, a cubic centimeter of 
glycerol is added, and the tube is again sealed. This process is continued 
up to the point where the total volume roaches 10 cc. 

At this time another mixture is prepared; 0.25 cc. of the same suspen- 
sion used above and 9.75 cc. of anhydrous neutral glycerol. The two 
mixtures are incubated at 37“C. \^en examihed after 10 days it is 
found that the bacteriophage of the second mixture, where the suspen- 
sion was mixed at one time with the whole quantity of glycerol, is 
destroyed while in the first mixture, w’here the glycerol was added pro- 
gressively, it is still present and virulent. 

Brutsaert’®^ has, in effect, repeated this experiment. He mixed equal 
quantities of suspension and glycerol, and then evaporated the water. 
He found that the bactcrioi)hage was destroyed when the evaporation 
was rapid, but that the vinilence persisted when the evaporation was 
.slow. 

III. Pi-ausnitz“’ has shown that the bacteriophage can accustom 
itself to an antibacteriophagic serum. We know that the serum of an 
animal prepared by injections of a suspension of the bacteriophage has 
the property of inhibiting the action of the bacteriophage. Prausnitz 
progressively increased the quantity of antiserum in a series of bacterio- 
phage-bacterium mixtures and saw that an adaptation took place. The 
bacteriophage became resistant and cause-l bacteriophagy in the pres- 
ence of quantities of serum which inhibited the action of a non-adapted 
bacteriophage. 

♦Perhaps the strangest feature in all of this discussion is the argument ad- 
duced by some authors, who, confronted by the evidence which I have furnished, 
admit that the bacteriophage corpuscle possesses the characters of living beings, 
but .affirm that this proves nothing more than th.at an inert substance can possess 
all of the characters of life! It is indeed interesting to see to what reaches of 
absurdity a preconceived idea can lead one, an idea which gradually becomes a 
fixed belief. 

t In sealing, a long drawn-out neck should be provided, so that the tube can 
be repeatedly opened and sealed again in the flame. 
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IV. I have found that the bacteriophage can develop a tolerkllSe to 
the action of acids.^®^ If successive passages aife made in media with 
increasing degrees of acidity a point is reached where the bactdrio- 
pbage is perfectly active in media, which, with an unadapted bacterio- 
phage of the same race, prevents multiplication. 

Asheshov-* has performed the following experiments, which likewise 
demonstrate the acquisition of a tolerance to acidity. He chose a race 

TABf.K 33 


P1tOORK»SlVB pll CUANaBS; TURBIDITY 
OP TUB MIXTURK8 


MKDllJM 

Immediately 

After 4i hours 

After 8 hours 

pir 

Turbid- 

ity* 

pH 

Turbid- 

ity 

pH 

Turbid- 

ity 

Bouillon with 1 jjer coni glucose 

8.0 

250 

6.6 

500 

<6.6 

>500 


8.0 

250 

7.3 

75 

7.3 

25 

Ordinary bouillon < 

7.0 

250 

6.6 

300 

6.6 

200 


* The degree of turbidity of the liquid, represented in millions of bacterifi 
per cubic centimeter, based on comparison with titrated control tubes, obviously 
shows the degree of bactcriopliagic action, or the inhibition of this action. 


TABLE 34 



of bacteriophage (Flexner) w hich caused a weak clearing of a bacterial 
suspension in a neutral (pH 7.0) medium, and which was completely 
inactive in acidified media (glucose). The effectiveness of the bacterio- 
phage in these media is shown in table 33. 

After seven passages in bouillon with an initial reaction of pH 7.0 
this bacteriophage reached the point where it would induce almost as 
complete a bacteriophagy as that occurring in alkaline bouillon. At the 
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ninth 'passage it caused an almost complete dissolution of bacteria in 
glucose bouillon. The results of the twelfth passage are given in 
table 34. 

It is obvious [states this author] that after 12 passages the bacteriophage has 
become adapted to the liarmful action of the medium and of tSio acid in statu 
nascendi. The final development (after 24 hours) of bacilli in the glucose bouillon 
must be attributed to the presence of bacteriophage-resistant bapteria, which 
have within this interval of time, so acidified the medium that erven this race of 
acid-tolerant bacteriophage is unable to attack them. 

It may be obsoived, however, that the activity of the bacteriophage weakens, 
although very slowly, during the course of passages through an acid medium. 
The number of bacteriophage corpuscles per cubic centimeter at the end of the 
e.'cperiment was comparatively smaller, just as the virulence was lower. 

From this is appears that the bacteriophage although losing somewhat 
in virulence, may become accustomed to the harmful action of acids. 


TA1UJ5 ss 


10 cc. OP 

HOTJILLON' 

HUSCKPTI- 

BLB 

PLTSXNBH 
Cni^TlJ UB 

BACTERIOPHAGB 

RESULT 

AFTER 

5 BAYS AT 

16®C. 

pH 

5.8 

1 drop 

5 drops of the 47th passage 

Limpid 

8.2 

1 drop 

5 drops of the 47th passage 

Limpid 

5.8 

1 drop 

None (control) 

Turbid 

5.S 

1 drop 

5 drops of the iinadapted bacteriophage 

Turbid 


Some of my experiments have shown the same thing, and that not only 
is the virulence of the bacteriophage attenuated by growth in an acid 
medium, but also by cultivation at a high temperature. And, as stated 
above, Gildemeister has shown that cultivation at a low temperature 
results in a diminished virulence. The same thing occurs with patho- 
genic bacteria; they can be adapted to grow in an unfavorable medium, 
but their virulence suffers. 

This is a fact worthy of note: Adaptation to a harmful action, instead 
of leading to a corresponding increase in virulence, is accompanied by an 
attenuation, 

iSchuuiman”’ attempted to adapt a Flexner-bacteriophage, which 
showed a maximum degree of virulence in a medium with a pH of 8.2, 
to effect bacteriophagy in media of increasing degrees of acidity, the 
tubes in which the contacts were made being held at a temperature of 
37°C. At the twenty-second passage he obtained a complete dissolu- 
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tion only in the media with a pH of 6.S, but beyond this point, in higher 
concentrations of H ions, the reaction did not occur or was incomplete. 
Furthermore, he was unable to re<lucc this limiting concentration by 
continuing the contacts under these conditions. When, however, the 
passages were made at 16°0. instead of at 37°, with the hltrations 
being made only after an incubation period of 48 hours, he obtained 
the results in table 35 at the forty-eighth passage. 

The unadapted bacteriophage used in the above experiment had also 
undergone 47 passages, but in a medium with a pH of 8.2. 

Furthermore, in a bouillon with a reaction of C.O Schuurman obtained 
a complete bactcriophagy with the adapted bacteriophage at a tempera- 
ture of 37°C., while the same suspension inoculated with the bacteiio- 
phage,'*originally of the same race but which had passed through 48 
passages in a medium at pll 8.2, failed to show any evidences of dissolu- 
tion. These experiments .-^how very clearly the effects of adaptation. 

V. Wolff and Janzen'’-** have succeeded in rendering the bacteriophage 
tolerant toward different antiseptics, to chinosol in particular. When a 
quantity of chinosol sufficient to provide a final concentration of 1:600 
is added to a bacterial suspension inoculated with, a bacteriophage and, 
after 2*1 hours, a droi) of this suspension is added to a fresh suspension, 
the latter, when spread on agar, yields no plaques. After contact for a 
week, when the bacteria are dead through the action of the antiseptic, 
a drop inoculated into a fresh suspension yields, after incubation, a very 
great many plaques. These experiments were performed with B. coli, 
B, typhosus, and B. dysentcriac, as well as with the staphylococcus. 

Schuurman®'^^ has also succeeded in rlomonstrating an adaptation of 
the bacteriophage to chinosol. ‘ . 

VI. Prausnitz and Firle,''®''* after confirming the earlier experiments of 
Prausnitz on adaptation to an antibacteriophagic serum (confirmed also 
by other authors, — Ikuyiioghe and Wagemans,^®^ d’Herelle'”’') carried 
out some additional experiments demonstrating adaptation to different 
antiseptics. These are of suflicicnt interest to summarize here. 

Experiments with phenol. For measuring the degree of adaptation 
they made comparative counts of the plaques derived from seeding a 
bacterial suspension inoculated with a bacteriophage adapted to the 
action of the antiseptic and of those obtained when a comparable sus- 
pension was inoculated with the non-accustomed bacteriophage, both 
specimens of the bacteriophage having been exposed to the action of 
the same concentration of the antiseptic. The results appear in tables 
36 and 37. 
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TABLE 36 

Number of plaques (8 days at laboratory temperature) 



EQi;\L PARTS OP BACTBRIO- 
PHAOIS AND 

PER CENT LOBS 


1.6 cent 

pnonol 

Distilled 

water 


Bacteriophage A (22 passages in phenol) : 
Plaque No. 1 

632 

768 

18 

Plaque No. 2 

82 

554 

85 

Bacteriophage A (passages tlirough 
media without phenol) 

0 

578 

100 


TABLE 37 

Number of plaques after a contact of from 1 to 4 days in a phenol medium^ at labora^ 

tory temperature 


CONCENTRA- 

TION 

OF PUENOL 

BACTBHIOPIIAGB A 

(33 PASBAOEB TIIIIOLUU A PHENOL MEDIUM) 

BACTERlOPIIAnE A 
(PASSAGES THROUGH BOUILLON) 

1 day 

2 days 

4 ilays 

1 day 

2 days 

4 days 

Ver cent 







1.0 

— 

— 

— 

— 

3800 


1.1 

- 


— 

— 

3500 


1.2 

- 

— 


— 

748 

630 

1.3 

— 


— 


440 

218 

1.4 

— 

— 

— 

32 

2 

2 

1.5 

1240 

2000 

2000 

3 

0 

0 

1.6 

511 

484 

465 

— 



1.7 

232 

121 

114 

— 



l.S 

1 

2 

11 

— 

1 


1.9 

0 

0 

0 

— 



2.0 

0 

0 

0 1 





TABLE 38 



NUMBER OP PLAQUES WHEN SPREAD 
OVER AGAR 


After contact for 

1 <Iay with 
mercuric chloride 

After contact for 

2 flays with 
mercuric chloride 

Bacteriophage, having undergone 9 passages in 
media containing mercuric chloride: 

Plared in a solution containing 1 : 10,000 of 
the salt 

xVbout 2000 

370 

B. Placed in physiological saline 

About 2000 

410 

Same bacteriophage, unadapted: 

A. Placed in a solution containing 1 : 10,000 of 
the salt 

0 

0 

B. Placed in physiological saline 

454 

1 

174 
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Experiments with mercuric chloride. Table 38 suni|n.arizes the results 
of an experiment involving the adaptation of the same bacteriophage 
(Shiga) to the action of corrosive sublimate. 

Experiments with chloramine. The experiment dealing with adapta- 
tion to phenol has already shown that if the mateiial is spread on agar 
during thfe adaptation the corpuscles of the different plaques, that is, 


TABI.E 39 


23 PASBAGBS OF THE B ACTKHIOPHAGE 
THHOUUH CHLORAMINE 

DILUTION, 1:100,000 ' 

DILOTION, 

1:1,000,000 

Number of 
plaques 

Pe** cent 
of corpuscles 
alive 

Number of 
plaques 

Plaque No. 1-h 




Chloramine 1:1000 

17 

2.7 

0 

Chloramine 1 : 1500 

23 

3.5 

3 

Distilled water 

660 


55 

Plaque No. 2 -|- 




Chloramine 1:1000 

11 

1.6 

0 

Chloramine 1:1500 

22 

3.0 

3 

Distilled water 

725 


63 

Plaque No, 3 H- 




Chloramine 1 : 1000 

35 

4.6 

2 

Chloramine 1 : 1500 

47 

6.2' 

4 

Distilled water 

760 


57 

Plaque No. 4 -f 

- 



Chloramine 1:1000 

3 

1.6 

0 

Chloramine 1 : 1500 

7 

3.7 

1 

Distilled water 

187 


20 

Plaque No. 5 + 


! 


Chloramine 1:1000 

12 

1.5 

1 

Chloramine 1:1500 

18 

2.3 

3 

Distilled w^ater 

790 


84 

Same bacteriophage, unadapted ; sus- 




pended in: 




Chloramine 1:1000 

4 

1 5 

0 

Chloramine 1:1500 

25 

2.7 

3 

Distilled water 

910 


85 


the different colonics of the bacteriophage, do not have an equal resist- 
ance, since with the corpuscles originating in one of the colonies (Plaque 
No. 1) of 100 corpuscles 82 resisted the action of the phenol, and with 
those of the other (Plaque No. 2) only 15 resisted. 

This inequality in the adaptation of the different corpuscles of a sin- 
gle suspension is well shown by the experiments on the action of cldor- 
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amine (also performed by Prausnitz and Firle). They made 23 passages 
in media containing hi g he r and higher concentrations of chloramine. 
They then spread the suspension on agar in order to secure isolated 
plaques, and separated'. these plaqjies for the following passage. 

In the table covering their findings (table 39) the results show the 
outcome when suspensions of the bacteriophage derived from these 
different plaques were added to equal quantities of chloramine solution. 

Adaptation to chloramine is acquired with greater difficulty than is 
that to phenol, and especially, that to mercuric chloride. The resist- 
ance of the corpuscles from Plaque No. 3 is, however, very appreciable, 
as the authors of this extremely interesting series of experiments have 
observed. 

Considered as a whole, these experiments show, beyond doubt, that 
the bacteriophage corpuscle is capable of adapting itself to the condi- 
tions of the moment. 

6, THE FACULTY OP MULTIPLICATION OP THE BACTERIOPHAGE 

CORPUSCLE 

l^ach of the two fundamental characteristics of living beings has a 
consequent phenomenon, which, always found in association with the 
basic character, forms to it a sort of corollary. For assimilation this 
corollarj' is the faculty of multiplication; for adaptation, the capacity for 
the characters of a single being to vary at different times, which in its 
turn necessarily involves a variability between beings belonging to the 
same si)ecies. 

The power of assimilation has, then, for a corollary, the faculty of 
multiplication, a faculty which is exercised when the conditions are 
favorable, that is, when assimilation can take place freely. This is true, 
however, whether the assimilation takes place in a heterologous or in a 
homologous medium, for the crystal imiuersed in a concentrated solu- 
tion of the homologous material multiplies, just as surely as does another 
being endowed with the power to assimilate in a heterologous mpdinm 
providing it with assimilable substances.* 

To consider more specifically the beings of the latter class, those cap- 
able of assimilating heterologous substances, we find that the elementary 
mass, w'heu the being is immersed in a medium containing assimilable 
substances, tends to increase indefinitely, until the assimilable materials 
are exhausted, if we disregard, naturally, such limiting processes as the 
accumulation of waste materials. But in all beings endowed with this 

* This clearly shows that multiplication is simply a corollary of assimilation. 
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property the elementary particle is a colloidal polarized "micella,” and 
by virtue of this fact its mass is limited by a purel|r physical phenome- 
non, as has been very clearly stated by Perrin. “If,” he says, “one 
admits that the charges of the particles are due to the H+ and the OH~ 
ions which arc disseminated throughout the liquid and which become 
fixed to the particle, it is obvious that when the particle has attained a 
certain size, and provided the number of free ions is sufficiently great 
to afford more available for fixation, this increase in size will inherently 
be a cause of rupture, leading to a division into two parts.” This 
physical phenomenon applies without discrinunation to the cells of the 
body, to the bacterium, and to the infravisible virus. , 

The faculty of multiplication consequent upon assimilation in a ho- 
mologous or heterologous medium Is not, then, a characteristic of life. 
That all living beings possess it is true, but this is solely because they 
possess the })ower of assimilation. The bacteriophage corpuscle is 
endow'ed with this faculty, and from it all of the phenomena of bacteri- 
ophagy are derived. 

7 . VARIABILITY OF THE BACTERIOPHAGE 

The pow'er of lulaptation, which is an attribute of all living beings, 
entails, naturally, a lack of fixity in the characters of a living being; it 
demands that they be dependent upon their environment. The same 
being placed under dillcrent conditions exhibits different characters. 

■ But adaptation is accompanied by another phenomenon. Living 
fnatter, protoplasm, retains the impression of the reaction effected, an 
imprint whose mark in the substance is engraved the more deeply as the 
reaction is the more intense. Obviously, it is unnecessary to attach to 
the word “impression” any psychic meaning. As used here it implies 
simply that living matter which has once reacted to a given stimulus 
. reacts again more quickly, an<l in general, more intensely when subjected 
to a second stimulus of the same nature as the first. That the reaction 
of living matter is specific, we have said. The “recollection” is like- 
wise specific, for it modifies in no way the response to a different 
excitation. 

This “reactional memory” is transmitted hereditarily,* but if a stimu- 

* Here, of course, we are not considering the case, still very olwcure, of the 
transmission of characters to dcscendents through the intermediary of gametes. 
The only transmission of characters with which we are concerned hero is that 
which takes place when a cell becomes two cells through division. Here, the 
transmission of ttequired characters is beyond doubt. All immunity demonstrates 
' this, as do the facts of all types of adaptation which can be experimentally effeeted 
with bacteria. 
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lus of the same nature as the first fails to occur until after the lapse of 
a long time the “recollection” of thereaction effected is progressively lost. 

The living being ^reacts continually. Since the conditions of the 
medium in which it lives are changing with each moment, and in very 
diverse ways, the specific reactions which it brings into play must adapt 
themselves to innumerable conditions. And the “recollection” of 
each of them imprints itself in the substance more or less strongly 
according to the energy expended in each of these reactions, and each 
“recollection,” intense or mild, as the case may be, is transmitted to 
the descendents. As the conditions are different for each being of a 
single species, that is to say, for a single line, it results that each being 
presents distinctive characters and special aptitudes, either forced upon 
it through heredity or acquired through its own experience. 

The less complex a being the greater is its faculty of adaptation. 
This fact can be experimentally demonstrated, for of the visible beings 
the bacteria have the most simple organization and we know that it is 
possible to induce them to develop under very diverse conditions, some 
extremely remote from their natural conditions of life. The greater 
the adaptability, the greater also is the variability. Indeed, when bac- 
teriology was in its infancy, Pasteur showed that each bacterium within 
a single culture presented, together with characters belonging to the 
species, individual characters and aptitudes for. adaptation. 

Does the bacteriophage show this variability? The experimental data 
recorded on each page of this text have shown that there are no two 
races of the bacteriophage w'hich are identical. Within a single suspen- 
sion each corpuscle has its own individual virulence, and each presents 
an individual resistance to the action of physical or chemical agents. 
Furthermore, the experiments of Prausnitz and FMe have demonstrated 
that each corpuscle within a single suspension has a capacity for adapter 
tion differing in degree from that of other corpuscles. . ' 

Some experiments of Wolff and Janzeno®" dealing with variability 
are particularly interesting, being concerned with the variation oc6ur- 
ring in the virulences when a given bacteriophage multiplies at the 
expense of bacteria of different species.* 

* It may be mentioned that these experiments might have been cited to demon- 
strate the autonomy of the bacteriophage corpuscle as regards the bacterium. 
When different bacteriophages develop at the expense of a single bacterium, they 
should, if they are a product of bacterial metabolism, all tend to assume the same 
characters, in the present case to acquire the same virulences. But experiment 
shows the contrary. The aptitude to lose or to acquire a virulence does not de-^ 
pend on the bacterium ^^lysed’’ ; this is a character appertaining to an autonomous 
entity. 
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It is essential to state, that in order to forestall the possible objection 
that they worked with mixtures of bacteriophages, these authors puri- 
fied their bacteriophage races by colony (plaque) isolations. Further- 
more, all of their transfers were effected in the same manner, proceeding 
each time from a plaque. 

Wolff and Janzen chose two races of Typho-bacteriophage (from my 
collection) and made serial passages with B. typhosicsy with B. coli, 
and with B. dysenteriae Shiga. The virulences of these two races, as 
revealed after the passages, were compared with their original virulences. 
Table 40 presents their findings. 

With bacteriophage No. 1 the ^Virulence’' character did not change. 
Originally virulent for all three strains, it remained virulent for all three, 


TABLE 40 


VIRIJLBXT FOR 

ORIGINALLY 

AFTER 

PASSAGBS 

WITH 

H. TYPHOSUS 

AFTBR 

passaubs 

WITH 

B. COLI 

AFTBR 

PABSAOBS 

WITH 

B. DY8BN- 
TBRIAB 

Bacteriophage No, 1 



B. typhosus 


+ 

+ 

4 

B. coli 


- -H- 

+ 

+ 

B. dysenteriae 

+ 


+ 

+ 

Bacteriophage No. 3 

B. typhosus 


■■ 

4- 

4 

B. coli 



4* 

4 

B. dysenteriae 


■1 

4- 

4 


the strain at whose expense it developed effecting no manifest modifica- 
tion. With bacteriophage No. 3, on the contrary, the same treatment 
resulted in a loss of vimlence for B, coli and B, dysenteriae when it had 
developed at the expense of Vs, typhosus, but it retained its virulen(*.e 
intact, even that for B, typhosus, when it had multiplied at the expense of 
B. coli or of B. dysenteriae. 

Wolff and Janzen next ascertained the virulences of the two races for 
different strains of B. typhosus after several passages with B. typhosus 
or B. coli. The results obtained with bacteriophage No. 3 are given in 
table 41. 

With the No. 1 race of the Tyiiho-bacteriophage the virulences for 
these different strains of B. typhosus remained exactly the same, whether 
the bacteriophage had developed at the expense of B. typhosus, B. coli 
or the Shiga bacillus. 
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We have seen in an earlier section that when a number of races of the 
bacteriophage are subjected to passages with a ^ngU strain of bacteria 
each race retains its own characters. Again this same fact appears, since 
each of the races, No. 1 and No. 3, retains its individuality following 
passages with the same strains of B. coli, B. dysenteriae, and B. typhosus. 
We now find that the passage of a single bacteriophage with bacteria of 
different strains does modify the characters. In this it behaves just as 
does a bacterium, as we must recognize if we but recall that Pasteur 

TABLE 41 


BACTBRIOPHAOB NO. 3 — ACTIVITT FOB STRAINS 
OF B. TYPHOSUS 



M 

3 

8 

9 

20 

Before the passages: 

Inhibition* 

0 

+ + 

+ 

+++ 

0 

Dissolution 

0 

++ 

0 

++ 

0 

Plaque formation 

++++ 

++++ 

0 

++++ 

++++ 

After passages with B. typhosus and 
subsequent plaque isolation: 






Inhibition \ 

++ 

+++ 

0 

+++ 

+++ 

.Dissolution 

+ 

++ 

0 

++ 

+ 

Plaque formation ! 

++++ 

++++ 

0 

++++ 

++++ 

After passages with B. coli and sub- 
sequent plaque isolation; 






Inhibition 

0 

0 

0 

0 

0 

Dissolution 

0 

0 

0 

0 

0 

Plaque formation 

0 

++ 

0 

++ 

0 


* See the sectioa “Appreciation of Virulence” for the details of the method of 
titration adopted by Wolff and Janzen. 


showed that by passage through pigeoii.5 the bacillus of swine fever 
became increasingly virulent, while it was attenuated by passages 
through rabbits. Today we know many instances of exactly compar- 
able facts. 

The above experiments show further that the capacity for variation 
involves not only tlio actually existing virulences of different races of 
the bacteriophage, but that it also extends to their tendency to preserve 
their initial virulences throughout a period of development at the 
expense of other differing bacterial species. 

Even with the bacteriophage, variability is a characteristic phenome- 
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non. Indeed, there is much reason to believe that the bacteriophage is 
the being which possesses this character to the highest degree. Further- 
more, this character of variability is always proportionate to the more 
or less outspoken faculty of adaptation. 

8. THE BACTEBIOPHACSE CORPUSCLE.* A LIVING ULTRAVIRUS 

The first of all the scientific classifications is that which separates the 
beings known to man into two great categories; inert beings on the one 
hand, living beings on the other. This classification is based upon the 
fact that the living beings ]iresent certain properties which the others 
lack. Just as soon as it is determined that a being possesses, or does 
not possess, these properties, it is irrevocably placed in one or the other 
of these two categories. 

If, perchance, it is found that a being, possessing the characters which 
classify it as ^ ‘living,'^ presents certain peculiarities that have up to 
that time not been detected in another being so classed, this in no way 
throws its nature into {|uestion. For just aja soon as it possesses the 
'‘criteria’’ of life it is necessarily living, and the only choice is to recog- 
nize that the peculiarity which it presents is compatible with life. This 
sort of thing has occurred more than once before now in the history of 
science. 

Experiment shows that the bacteriophage'^corpuscle, an autonomous 
being,* possesses the powers of assimilation in a heterologous medium 
and of ada])tation, and thus, necessarily, the consequences of these 
two powers- “the faculties of multiplication and of variability of 
characters. 

This combination of characters constitutes the complete criterion of 
life. The bacteriophage corf)uscle, conforming to this criterion in eveiy 
respect, is a living being. This is no longer an hypothesis; it is a certainty. 

It is this living being, this infravisible microbe, to which I have given 

* The deftionstration of Lhc nature of the l)actcriophage under the form 

in which it is given in lliis chai)ter was j>u])lished for the first time in 1923.*^^ It 
has been repeated, notably in tlie text published in the United States (Immunity 
. in Natural Infectious Disease ). F ollowing its publication some of the discussion 
stopped. Nevertheless, there are still some writers who attera|>t to show that 
certain facts “fit in better^^ if one believes that the “lytic principle^* is derived 
from the bacterium. None of them have discussed the proofs that I have 
adduced; none have even alluded to them. 

Their attitude forces me to suggest that logically they might consider point 
by point the experimental facts which serve as the basis of my demonstration be- 
fore they continue their study and their discussion of the nature of the bacterio- 
phage. 
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the name Prolohios bacteriophagus (syn. Bacteriophagum intestinale 
d'Herelle) dUerelle, 1918.^^^-®^^ This infravisible microbe is the agent 
of an infectious disease occurring among bacteria, and this disease is 
bacteriophagy.* 

* It should be remembered, however, that although up to the present time 
parasitism of bacteria has not been recognized we have for a long time observed 
and studied many parasites which incite infectious disease among the protozoa. 
Several examples will be found cited among the works of Metchnikoff . (Lemons 
siir la pathologic compar6e de Tinflammation, Paris, 1892, Masson & Cie. 
L^immunite dans les maladies infecticuses, Paris, 1901, Masson & Cie.) 

It may be well to mention a study of Dangeard entitled **Sur les parasites du 
noyau et du protoplasraa” (Lc Botaniste, 1894/95, 4, 199-248) for the facta 
disclosed by this investigator offer certain analogies to those presented in the 
preceding chapters. But there are these differences, namely, the parasite of 
Dangeard attacks a protozoan, and its dimensions are such that it can be readily 
observed microscopically and therefore classified. 

The observations of Dangeard deal with an Oomycete, Nucleophaga amoeba 
Dangeard, which parasitizes the nucleus of Amoeba verrucosa Ehr. The Amoeba 
verrucosa has a large, doubly-contoured spherical nucleus, and also a nucleolus, 
likewise spherical, whose diameter is about two-thirds that of the nucleus. The 
substance of the nucleolus i^ very dense and stains with great intensity with 
various nuclear staining roagpnts. Between the nucleolus and the nuclear mem- 
brane is a space filled with the nuclear fluid. 

The zoospore of Nucleophaga amoeba first penetrates the protoplasm of the 
amoeba but it never develops there; it passes into the nucleus through the mem- 
brane which it perforates, most certainly through the aid of a dissolving diastase. 
Dangeard has demonstrated the portal of entrance of the parasite as a minute 
circular opening, as though made by a punch, persisting after the entrance of the 
])arasiLe. After its penetration into the nucleolus the parasite resembles a re- 
fractile corpuscle, increasing slowly in size in proimrtion as the nuclear substance 
disappears. When this nuclear material has been utilized completely the entire 
interior of the nucleus is filled and the membrane is distended. At this time the 
nucleus of the parasite, up to the present time single, actively divides and when 
sporulation is effected there are about one hundred regularly spaced nuclei. 
About each of these nuclei a zoospore organizes, and a sporangium is thus formed, 
containing distinct, rounded corpuscles, which contain nuclei at the time of 
sporulation. 

Frequently a single amoeba is parasitized by two or perhaps several zoospores, * 
and in such cases each develops separately and gives birth to a distinct sporaur* 
gium. When the sporangium reaches maturity the protoplasm of the amoeba 
disintegrates, the sporangium ruptures, freeing the young zoospores, and these 
become distributed throughout the medium, ready to parasitize the healthy 
amoebae in their neighborhood. 

It is evident that I have not made any comparison between Nucleophaga amoeba 
and Protobios bacteriophagus, and that these observations are mentioned simply 
because there is a certain resemblance between the two phenomena of destruc- 
tion,— that of the amoeba and that of the bacterium. 
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All of the arguments which have been advanced by the adherents of 
the diverse hypotheses concerning the nature of the bacteriophage cor- 
puscle are indirect arguments, that is to say, arguments which tend 
only to show that such and such a fact “fits in better,” “explains better” 
such and such an hypothesis. Such arguments are valid only through 
interpretation, and each may be interpreted according to the taste of 
the individual ; it is purely a question of dialectics. 

Logically, a demonstration must be based on direct arguments, that 

is, on arguments which are not subject to interpretation, arguments 
which inherently exclude all hypotheses other than the one which they 
support. In this way only can an hypothesis be transformed into a 
certainty. 

The question as to the nature of the bacteriophage corpuscle can be 
asked in but a single way: Is there a group of characters, constituting 
the “criterion of life” which permit us to place the being in question 
irrevocably either in the category of living beings or in the categoi^ of 
inert beings, depending upon whether it possesses or does not possess 
this combination of characters? 

If this criterion exists, does the bacteriophage corpuscle conform to 

it, or does it not? 

The criterion of life exists. It is formed of a combination of the 
powers of assimilation in a heterologous medium and of adaptation, 
with their corollaries, the faculty of multiplication and the capacity for 
variability of charactera. 

Experiment demonstrates that the bacteriophage is an autonomous 
being, independent of the bacterium at the expense of which it multi- 
plies. By virtue of the fact that this autonomous being multiplies 
at the expense of the bacterium, heterologous with respect to itself, 
it must necessarily transform a heterologous substance into a homolo- 
gous substance, a substance distinctively its own substance, and conse- 
quently it is endowed with the power of assimilation. 

Various experiments show that the bacteriophage corpuscle is able 
to adapt itself to adverse conditions. The corpuscles therefore possess 
the faculties of reproduction and of variability. 

TTie bacteriophage corpuscle possesses, therefore, precisely that com- 
bination of characters which permit us to recognize that a being is liv- 
ing, and anything which possesses the criteria of life is necessarily living. 

The living nature of the bacteriophage being established, all facts 
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pertainmg to the bacteriophage must be interpreted to accord with the 
fundamental established idea. To do otherwise is to adopt a faulty 
system of logic. 

It is to this being, infravisible, parasitic of bacteria, that I have given 
the name Protobios bacteriophagiis (syn. Bacteriophagum intestinale) 
d’Herelle, 1918. 



CHAPTKR IV 

The Unicity of the Bacteriophage Protobe - . 

1. the bacteriophage protobe 

We have now analyzed the experimental evidence which proves that 
the bacteriophage corpuscle possesses that composite of characters which 
allows us to distinguish the living nature of a being. There is, indeed, 
no antinomy l)etween the behavior of the bacteriophage corpuscle, 
which is that of a parasite of l)acteria, and its living nature, which is 
proved by its behavior. 

If we consider fairly all of the known characteristics of the corpuscle 
we can find but a single peculiarity which differentiates it from all beings 
whose living nature has been accepted up to the present time. This 
one distinctive feature is its minute size. And since experiments dem- 
onstrate that its dimensions a.rc approximately the same as those of 
the protein micella this excludes the idea of a celhilar being. 

The logic of the matter is simply this: The micella* is the smallest 
possible particle of matter in the colloidal..^tete: The substance com- 
prising all living beings is found in this state Consequently the micella, 
the unit of colloidal matter is also the unit of living matter, and cells 
are constituted of a union of micellae. A cell being formed of a nucleus 
and a cytoplasm, by definition merely a single micella can not constitute 
a cell. 

We arc, then, confronted by the two following facts: 

The bacteriophage corpuscle is fonned of a single ])rotein micella.J 

A bacteriophage corpuscle has the combination of characters which 
permit a substance to be classified in the category of living beings. 

Two experimental facta can not be in contradiction with each other. 
If both facts are in agreement, and one, or both, contradict a theory, 

* Or whatever may l)e the name by which we choose to designate the colloidal 
unit, — granule, particle, micella, or what not. 

t This is universally admitted, and is, moreover, readily demonstrable. Liv- 
ing substance must be either a colloid or a crystalloid, for there are only the two 
choices. 

t We have shown, as will be recalled, that it presents the characters of i)rotem 
substances, — ^among others, that of precipitation by saturation with the sulfates 
of sodium and ammonium. 
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it is the theory which is defective. The theory, not the facts, must be 
modified. Such a state of affairs is not new; it has occurred many times 
in the history of science. 

We must leave aside the virtually insoluble question of the first cause 
of life, but we may discover something about the source of this first 
cause, for there are only two possible hypotheses. It may result from a 
special organization, a cellular organization; or it may be derived from 
a particular state of protein matter. In the first case the smallest 
possible particle of living matter is the cell, in the second, it is the micella. 

Up to the present, dominated by histologists whose conception stops 
precisely at the limit of visibility with the microscope,* and whose 
reasoning is this — “all living beings that we see are cellular, consequently 
life results from a cellular organization,” — ^the fii’st hypothesis has been 
generally adopted. Submission to this dictum of visibility is not, how- 
ever, quite uniform, for certain independent minds whose opinion carries 
great weight, Beijerinck for example, have repudiated this concept 
absolutely. 

The two experimental facts bearing upon the bacteriophage corpuscle 
are unqualifiedly in contradiction with this a priori hypothesis. But, 
as we have said, when hypothesis and experimental facts contradict 
one another it is the hypotiiesis which must yield to the facts. Just as 
soon as experiment shows that a corpuscle, constituted of a simple 
protein micella, is a living 'Ijeing, it follows that life Aes not require a 
cellular organization; that it results from a special physico-chemical 
state of matter, that is, the protein micella. 

From tlic pliilosophical point of view, this fact is the most important 
one of the many which have been revealed tlu-ough the study of the 
bacterioiJiage. 

Up to the present time the infravisible agents of rabies, of variola, 
of vaccinia, of encephalitis lethargica, of the animal plagues, and of the 
mosaics of plants, have been considered by the majority of biologists 
as living beings, but this point of view has becn, ho.wevei', disputed. 
Although the proof of the living nature of the bacteriophage is only 
valid for itself alone, it is none the less tnie that the living nature of all 

* Happily, physicists have succeeded in divorcing themselves from the idea of 
vision, which always leads to error, as the history of science abundantly proves. 
If they had studied the nature of matter with the mental concept of the histolo- 
gists the electron would yet remain to be discovered. I hasten to add tliat many 
of the most eminent histologists are beginning to take exception to this. point of 
view ; they are abandoning their science for physical chemistryt . < : 
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of the beings which present the same characteristics is rendered the more 
probable by the facts disclosed in connection with the bacteriophage. 
These infravisible beings have been termed “invisible viruses,” “ultra- 
viruses,” “ultramicrobes,” etc. This does not give them a name, for 
these terms are simply qualifying tenns, designating their state of 
invisibility. 

In presenting the demonstration of the living nature of the bacterio- 
phage, I have proposed to designate this group of living “micellar” 
beings by the name Protobes,"'' a terra which I have applied to the 
bacteriophage.* 

2 , ASSIMILATION BY THE PROTOBES 

Here we step into the unknown. For the mere fact of knowing that 
a being assimilates reveals nothing as to the “mechanism” through which 
it assimilates. We know that there is a transformation of matter; that 
the bacteriophage protobe transforms “bacterium substance” into 
“bacteriophage substance.” Let us see if by examination of the known 
facts we may gain some insight into the manner in which this trans- 
formation is effected. 

In the first place, it seems to have been demonstrated that the me- 
tabolism of the parasitic protobes is limited to living matter; that this 
is the only material w'hich they can utilize for their development. 

The chemical transformation which the living matter of the prey 
imdetgocs, whether this be a bacterium in the case of the bacterio- 
phage, a vegetable cell in the case of the mosaic protobe, the animal cell 
in the case of the protobe of variola, must be very extensive, for the 
antigenic properties are changed. It is for this reason that the in- 
jection of an animal with the “bacteriophage protobe substance” 
causes the appearance in the serum of this animal of an antibacterio- 
phagic property, a property which is not manifested when the animal 
is injected with “bacterium substance.” 

On the other hand, can the assimilative process be as far-reaching in 
these rudimentaiy beings as it is in beings more highly organized and 
equipped with a digestive tract? To approach this point let us consider 
how assimilation is effected in those beings representing the next higher 
step in the scale,- -the bacteria. It may be possible to apply the facts 

* These beings, certainly the most simple that exist, are placed at the very 
bottom of the classification scheme as the “first living beings,” and this is what 
the term Protobe means. Above the Protobes (.rporos /3tos) come the bacteria, 
the Microbes (pixpos fitos). 
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here disclosed to the protobes, beings even more simple than the bacteria, 
and to ascertain whether these facts accord with their behavior. 

It might be assumed, a priori, that there is “one” assimilation, that 
is to say, that the process always ends in the formation of a single sub- 
stance and that this substance is identical with the substance of the being 
which assimilates. The facts are not in accord with this point of view. 

When one supplies a metazoan provided with a specialized digestive 
tract any food material, from either the animal or the vegetable king- 
dom, which it is able to assimilate the assimilation is always complete, 
that is, the process ends in the formation of substances identical with 
those of which the metazoan is composed. Is the process the same in 
microorganisms, in particular, in the bacteria? Obviously not, for 
there is proof to the contrary. It is only necessary to provide a bac- 
terium with different food materials to cause transformations in its 
antigenic properties, and this effectively shows that the constitution of 
the “substance” of this bacterium varies according to the nutritive 
materials which it assimilates.* 

Here is the proof of his last statement, the experiments cited being 
those reported by Brocq-llousseu, Urbain, and Forgeot.f 

For a long time we have known that a streptococcus, by passages 
through an animal, becomes what is termed a “passage streptococcus,” 
but these authors should receive the credit for showing the nature of 
this tran.sfonTuition. 

They utilized in their experiments a strangles antiserum (an anti- 
streptococcus serum, specific for the streptococcus of equine strangles) 
which when titrated by the method of Calmette and Massol contained 
1500 units of antibody. The antigen used consisted of a suspension 
of the streptococci killed by alcohol-ether, prepared in such a way that 
there was i cgm. of the bacterial bodies to 20 cc. of 0.9 per cent phys- 
iological saline. 

Different animals were injected with different strains of the strangles 
streptococcus recently isolated from the lesions of infected horses. The 
strains were not passed through any other animal after isolation. For 
the injections they adopted the subcutaneous route with mice, the 
ph'ural route with rats, the intraperitoneal route with guinea pigs, and 
the intravenous or intraperitoneal routes with rabbits. 

* This ^transformation in antigenic properties is a commonly observed fact. 
The following paragraphs, dealing with variations in the antigenic properties of 
microorganisms and of protobes, will present typical examples. 

t Broeq-Rousseu, Urbain, and Forgeot. — Etudes sur le streptocoque gour- 
meaux. Ann. Inst. Pasteur, 1923, S7, 322. 
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• TABLB43 — Continued 


Passages through guinea pigs 


PA8SAQB NUMBER 

STRAINS 

Carpano (intraperitoneally, 
death in 2 to 3 days) 

Infutable (intravenously, 
death in 12 hours) 

1 

1600 

1200 

2 

150 

1000 

3 

100 

500 

4 

50 

500 

5 

0 

300 

6 


100 

7 


50 

8 


25 

9 


0 


* These experiments were carried out on the only two strains of the strepto- 
coccus which were sufficiently virulent to kill the rabbits. The same is true for 
the guinea-pig experiments. 


adapts itself to the new organism which harbors it, and the more quickly 
it loses its equine character to become a streptococcus of the mouse, 
the rat, the rabbit, or the guinea pig. 

It is certain, as these authors say, that the rapidity of the transfonna- 
tion is a function of resistance^ but is it the resistance of the animal 
itself which is responsible, or may it be some other phenomenon ac- 
companying resistance? The following experiments, made by these 
same investigators, suggest an answer. 

A few years ago, in some experiments perfoimed with Le Ix)uet, I 
observed that the virulence of a bacterium for a given animal is exalted 
by cultivation in an artificial medium, a bouillon, prepared with the 
flesh of this animal.* The same thing has been found to occur with the 
strangles streptococcus for by cultivaticig this organism in Martin's 
bouillon to which the blood of some laboratory animal was added Broeq- 
liousscu, Urbain and Forgeot observed that the virulence was increased 
for this animal. They further noted that this increase in vinilence 
was associated with a transformation in antigenic properties, just as 
though the passages had been made through the animal itself. Table 
43 summarizes their experiments. 

These experiments solve the question. The explanation given by the 
authors, namely, that the transformation is a function of the resistance 
of the animal, can not be invoked. The alteration in properties here 

* dTIerelle, F. and LeLouet, G.— Sur la vaccination antibarbpni^e par virus 
att4nu4. Ann. Inst. Pastear, 1921, SS, 741. ^ ^ 
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observed can only be a phenomenon linked with assimilation. When 
the antigenic properties of the streptococcus undergo a change it must 
mean that the substance of this streptococcus has changed, and that 
change varies with the nature of the foodstuff. The assimilation is not 
complete; the "'substance” of a streptococcus which develops at the 
expense of ""horse substance,” although becoming ""streptococcus sub- 


TABT.E 43 

PABSAGB 

STKAINS OF STUEPTOCOCCl 

N U MJi&tt 

376 j S/’*gala [ Saiitcur 

PasBO 1 A.H79 

j Eclaireur* 

Medium: Bouillon, 4 cc. 4- guinea-pig blood, 1 cc. 


1 

1400 

1200 

1200 

1400 

1200 

J200 

5 

500 

500 

500 

1000 

500 

1000 

10 

0 

0 

0 

200 

25 

200 

15 




50 

0 

0 

17 




0 




]\ radium: Houillon, 4 cc. 4- rabbit blood, 1 cc. 


1 

1400 

1200 

1200 

1400 

' 1200 

1200 

6 

700 

300 

300 

600 * 

1000 

500 

10 

100 

60 

50 

0 

200 

50 


0 

5 

0 


25 

50 

17 


0 



0 

5 

18 






0 


* Attention is called to the fact that the differences in the number of passages 
are due to the fact that it was necessary, in some cases, to make isolations from 
agar in order to separate the streptococci from associated organisms, which, 
despite the precautions taken, occasionally contaminated their cultures thro\igh 
blood stream invasions. In those instances in the table where the scries is ter- 
minated the loss of antigenic power was complete at the tenth passage. The 
names applied to the strains of streptococci are the names of the horses from which 
they were isolated. 

stance” retains, nevertheless, some of the characters of ""horse sub- 
stance,” and the smaller the difference between the two substances, 
the greater is the virulence.* The same thing takes place if the strep- 
tococcus is subjected to passage through another animal. t 

* This relation between the virulence and the quality of the substance of the 
bacterhim is, without doubt, very simple. It may be associated with phagocy- 
tosis, which may be the more active as the substance of the bacterium differs from 
the substance of the animal invaded. 

t It should be observed that these authors have noted that in order to induce a 
transformation in antigenic character by passages in artificial media, it is essen- 
tial that the added animal product,- -blood, — be unmodified by heating. In 
effect, it is necessary that the animal substance be still “alive.** 
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In brief, then, these experiments, together with a number of facts 
previously known, show that assimilation in the bacteria is not complete. 
The substance of the bacterium varies according to the foodstuff utilized 
for its development, and this results in a variability of antigenic 
properties. 

Is this also true for the protobes? This is a question which bears 
directly upon the subject of the unicity of the bacteriophage. We will 
consider this very shortly. 

3 . THE CONCEPT OP SPECIES AMONG THE MICROBES AND THE PROTOBES 

Man has a tendency to generalize. Our knowledge of assimilation 
has been acquired by the study of superior animals, and it has been 
extended as such to all living beings. We have seen that this is cer- 
tainly not correct in so far as bacteria are concerned. It is the same with 
regard to the concept of species, which, also, has been acquired in the 
first place by a study of superior animals and plants. To transfer 
this concept of species to rudimentary beings and to apply it in all of 
its details is again to follow a false trail. 

Observation of nature shows that the facility with which adaptation 
takes place is directly proportional to simplicity of organization. With 
the superior animals adaptation takes place only within very narrow 
limits; as soon as a change, if pronounced and sudden, occurs in the 
conditions of the medium the being succumbs. And since variability 
is necessarily related to the facility of adaptation, the result is a high 
degree of homogeneity among the animals or the plants belonging to a 
single species. In so far as animals are concerned, and they have been 
more extensively studied from this point of view, the antigenic char- 
acters arc identical in all of the individuals belonging to a single species. 
Indeed, a common antigenic character may extend beyond a single 
species, manifesting itself in neighboring spocies, a fact which has been 
utilized to disclose the bonds of relationship uniting them. This 
question of antigenic specificity in the animal and vegetable series 
offers a most interesting subject for study. But however great this 
.specificity may be in other species, we have seen in an earlier section 
that with the bacteria the characters vary even within the individual 
according to the nature of the food. This variability in the substance 
of a single being involves as a consequence a variability in all of the other 
characters. What becomes, then, of the idea of species among these 
beings? 

To take a concrete example. May we apply the idea of species in the 
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same way to B. coli as to a superior plant, Melilotus aUissima, for ex- 
ample? It is needless to enter here into comparisons such as anyone 
may make; to do so would but divert us from the more important 
subject. 

We are forced to conclude that with these rudimentary beings, the 
bacteria, and unquestionably this is fully as true with the protobes, 
the concept of species can not have the same meaning as with beings 
higher in the scale of organization. As a matter of fact, if one wished 
to generalize, he would be forced to admit that a bacterium changes its 
species according to the conditions of the moment. A striking example 
is given us in the paper cited in the preceding section. Broeq-Rousseu, 
Urbain and Forgeot, after stating that '^the strangles streptococcus is a 
species which can be differentiated from all of the other known strepto- 
cocci, add, *^by passages through animals, the strangles streptococcus 
loses its characters.” (.'ertainly, these two statements do not harmon-' 
ize. It would be only too easy to multiply examples of contradictions of 
this kind. 

4. THE UNK ITY OF THE SPECIES PROTOBIOS BACTERIOPHAGUS 

The fact that an ^^ultrapure” bacteriophage may show multiple 
virulences, that is to say, may parasitize bacteria belonging to different 
species, sometimes bacteria very remotely related, indicates that there 
is but a single species of the bacteriophage. Experiment shows further 
that this being is capable of adapting itself to the parasitism of bacteria 
which it did not previousl}'' invade. This realizes experimentally a 
process which is continually taking place in nature. 

But if it is tme that there is but a single species of bacteriophage, 
within this nidimentaiy^ being the phenomena of adaptation go on con- 
tinually, the variability attained is extreme, and the point is reached 
where each race possesses its own characters (d^Herelle®^^). 

This should not surprise us. The situation is exactly the same with 
the neighboring beings, the bacteria. We know very well that within 
any bacterial species there are no tw^o strains which are, or can be, 
identical. 

Objections to the concept of the unicity of the bacteriophage have 
been raised by a numl)er of authors, but before discussing these objec- 
tions I should first mention that none of them have explained just what 
they mean by ^ ^plurality of bacteriophages.” If they mean that each 
strain, each race* of the bactcrioj)}jage possesses its own characters, 

* Throughout this text the word ‘^race” has been used intentionally in speaking 
of the bacteriophage, while the term ‘‘strain” has been reserved for bacteria. 



UNfClTT OF BACTEBIOPHAGB PBOTOBB 


367 


different from those of all other races their definition accords perfectly 
with what I have maintained consistently from the beginning of my 
studies, when I alone was occupied with the question. This interprets^ 
tion I have adhered to throughout. Here is, in extenso, a passage from 
one of my papers published in 1919.®'® 

I have stated above that I have not yet isolated two races of the bacteriophage 
which are absolutely identical. The differences consist in the extent of their ac- 
tion and in its intensity. When derived from the body some strains will ])e en- 
dowed with a bactericidal iiowor for several of the intestinal bacilli; for example, 
they will attack, with dilTcrcnt degrees of intensity, all of the dysentery bacilli, 
the typhoid bacillus, the paratyphoid strains, and B. coli; other strains will 
attack only a single bacterial sjieciea to the exclusion of all others, and a third 
race may attack two, the Flexner dysentery bacillus and paratyphoid B, for 

example. All i)ossible combinations may occur And, since all possible 

combinations may bo. presented both as to extent and as to intensity, it may 
readily be understood that it is quite possible that millions of strains of the 
bacteriophage may be isolated before two arc encountered which are identical. 

I do not })elieve that I can express more clearly the idea that each 
strain - each race- possesses particular characters. 

When these authors who sui^port the idea of the '^plurality of bacterio- 
j)hag;os^^ take cxceptioii to this coiu^eption, that is, to the idea of a 
plurality of races which I was the first to observe, it can only mean that 
they afliriii that, tliero is a plurality, not of bacteriophages, but of species. 

In order to avoid all confusion let me repeat that I affirm that the 
fa(;t of variability, which can be induced cxperimcntnlUj wathin a single 
rac<\ roui)h'd witli the fact of multiple virulences, shows that the differ- 
en('cs between clilTerent races may be derived tiirough adaptation, and 
that, in accord witli ilie conditions of the moment, a “Shiga-bacterio- 
pliage'^ may be transformed into a ‘‘Staphylo-bacteriophage^^ or into 
a 'Testis-bacteriopliago,^^ in just the same way as by passages a ‘‘horse 
streptococcus” becomes a “ral)bit streptococcus” or a “mouse 
streptococcus.” 

What, then, are the arguments advanced by these authors in support 
of their concept of plurality, that is, their belief that a Shiga-bacterio- 
phage must remain a Shiga-bacteriophage always, that a Pestis-bacterio- 
phage will never attack anything but ii. pes/f.s, and who aflirai, in brief, 
to use the very expression of Bruynoghcr -the champion of the plurality 

This plan has been followed simply for the sake of convenience and to avoid repeti- 
tion and possible confusion. The implied meaning given to these terms, is, how- 
ever, precisely that which ordinary usage accords them. 
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of species idea, — that there is ‘‘not one bacteriophage but a ^eat many 
bacteriophages, as different from each other as are the bacteria.’^^® 

The arguments arc four in number: 

First. The antigenic variability of the bacteriophage races. 

Second. The variability in resistance to different destructive agents. 

Third. Tlic fact that a bacterium which has developed a resistance 
to one bcactcriophage may be attacked by another. 

Fourth. Because different bacteriophage races may differ in the 
form of their colonies. 

The reply to the first of these objections has already been given in 
the preceding paragraph. Just so surely as the antigenic properties of a 
bacterium like the sti'eptococcus can be transformed by passages at 
the expense of different animals, it is but natural that the same fact 
should occur with the bacteriophage, and that the antigenic properties 
should differ in accord with the bacteria at the expense of which it has 
multiplied. 

It is not without significance that, as we know, each strain of B. coli 
has its own individual antigenic properties, and that there are as many 
coli antigens as there are strains of B. coli. Has anyone yet ventured to 
advance the idea that each strain of B. coli represents an individual 
species? It is obvious that all strains of B. coli belong to a single species 
which is in a continual state of antigenic transformation. Upon what 
basis, then, can anyone advance the fact of the antigenic variability 
of the ])a<*teriophagc as an argument in favor of a plurality of species? 

As for variability in resistance, clearly if the resistance of each race 
were a fixed property this argument would deserve consideration. But 
this is not what is observed. The studies of all authors who have con- 
sidered the (jiiestion, even including the collaborators of Bruynoghe, 
show that from one experiment to another a single bacteriophage pre- 
sents considerable variations,- differences as great as are those observed 
between the different races.* This argument is therefore without value. 

The argument based on the fact that one race of the bacteriophage 
may attack a bacterial strain which has acquired a resistance toward 
another race moans nothing, for the same fact occurs with even a single 
race 

* There is nothing strange in this, since with the bacteriophage as with patho- 
genic bacteria, virulence disappears prior to their destruction. We know that 
bacteria may become avirulont and yet remain alive. With the bacteriophage 
the same thing occurs. Absence of bacteriophagy does not necessarily imply 
total destruction of the being. With the bacteriophage an “apparent** destruc- 
tion cohuiidee with a loss in virulence, and this loss is effected through the action 
of a pi^ysical or chemical agent the more readily when the virulence is weak. 
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I have performed with three different strains of B. typhosus the fol- 
lowing experiment. By suitable contacts a strain of the typhoid bacillus 
is induced to acquire a resistance to a race of the bacteriophage which, 
at the same time was virulent for B. typhosus, B. coli, and B. dysenteriae. 
But, and this is the significant point, when tested later, this B. typhosus, 
although resistant to the bacteriophage developed through passages 
with B. typhosus, is bacteriophaged perfectly by the same race which 
in the meantime has undergone passages with either B. coli or with B. 
dysenteriae. 

If we may fipd an inequality in the resistance acquired by one bac- 
terium for a single bacteriophage developed at the expense of different 
bacteria, there is the more reason that it may bo observed with different 
races. Certainly it can not weigh very heavily against the idea of the 
unicity of species of the bacteriophage. 

As for the fourth objection, it disregards the fact, recorded by many 
authors, that the size of the plaque* is, with a given race of the bacterio- 
phage, strictly related to its virulence. If the diameter of the plaque 
varies for a single race of the bacteriophage it can hardly cause astonish- 
ment if it varies for different races for the same reason. 

The protobes, the bacteriophage in particular, like the microbes, the 
bacteria especially, are beings endowed with a very considerable power 
of adaptation. The variability which we find in antigenic properties 
shows further that assimilation is not brought about in the same manner 
in rudimentary beings as in beings more highly organized. According 
to the foodstuff utilized, even the substance of those beings shows 
variations. These two experimental facts demonstrate that as a con- 
sequence there must be an extreme variability in all charactci-s in con- 
formity to the conditions of the moment. There is but a single species 
of the bacteriophage, as is shown by the phenomenon of multiple virul- 
ences and by the possibility of experinioTj'.al adaptation. But within 
this single species each race ])rosents its own characters distinguisliing 
it from other races, characters which arc, nevertheless, variable from 
one time to another. 

6. THE MOPE OF ACTION OF THE BACTERIOPIIAOE 

Study of the phenomenon of bacteriophagy shows us that, most prob- 
ably because of some chemotactic force, a bacteriophage protobe is 

* Bruynoghe says “the form” of the colony. This term is incorrect, for plaques 
are always perfectly circular ; only the diameter may vary. VJUU 
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directed toward a bacterium and a contact is established. The protobe 
then penetrates the peripheral zone of the bacterium (the opening made 
remaining open) and multiplies within the bacterial protoplasm, forming 
a colony composed of a number of elements varying with the conditions 
of the moment. When the process of multiplication is completed the 
parasitized bacterium ruptures and undergoes a sudden dissolution. 
This liberates the young protobes, and each of the latter is then ready 
to repeat the process and parasitize the nearest bacterium. Thus 
the cycle begins anew, and continues until all of the bacteria present 
in the media have disappeared.* 

How is this dissolution of the bacterial body brought about? 

A 'priori, there are throe i)ossible hypotheses; 

I. The bacteriophage protobe may itself act like an enzyme. In 
such a case it must be, in short, an enzyme of which each granule is 
capable of assimilation and of reproduction at the expense of the sub- 
stances upon which it acts. This hypothesis is hardly probable, for 
the bacteriophage corf)uscIes, although minute, have a relatively large 
volume,- '20 m/x- much larger than the granules of the known ferments, 

II. The bacteriophage induces the bacterium to produce autolytic 
enzymes. The meaning of the first hypothesis was self-evident; this 
second one requires a little explanation. 

Autolysis in a confined medium,— the method of Jaumain,®^^ — of 
which I have spoken above, shows us that under certain peculiar phys- 
ical conditions, but without the intervention of any foreign sul>stance, 
a non-spore-bearing bacterium may quickly produce autolysins capable 
of dissolving the bacterial body completely. The phenomenon is com- 
parable to that which takes place in bacteriophagy, except that it is 
not transmissible in series. A permanent cause, persisting despite 
successive dilutions, is lacking. 

For some time we have known that a great many spore-forming bac- 
teria completely disappear after the formation of the spore. In this 
connection 1 have studied B, anthracisj an organism admirably suited 
and of particailar interest from this point of view inasmuch as it is easy 
to obtain asporogenous varieties. It is found that, although with the 
sporulating races a dissolution of the vegetative forms in the medium 
may readily be observed after the formation of the spoi’e, a natural 
spontaneous autolysis is never observed with the homologous asporogen- 
ous races. The autolysis is, therefore, predicated upon the presence 
of the spore within the interior of the bacterium. 

♦ This is conditioned, naturally, upon the bacteriophage being sufficiently 
virulent. 
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Considering the subject from a somewhat different point of view, 
there are ix<any facts which show that the embryo, in animals as in 
plants, behaves like a parasite, and that the very distinctive reactions 
which it provokes may be brought about by a true parasite. As a 
striking example of this fact it is only necessary to recall that the con- 
siderahle chemical activity mobilized by the plant at the moment of 
the formation of the seed results from the reaction of the flower to a 
stimulation of the embryo; but Bohn has shown that certain diptera— 
the Cecidomyia — deposit their eggs in plants belonging to the Vicia 
and Gallium genera, and that the presence of the egg leads to the forma- 
tion of a false fruit, similar as to form, chemical composition and histo- 
logical structure, to that of the true fruit. 

There are, then, plants, in which the stimulation caused by the larva 
of a parasite produces the same effect as the stimulation caused by the 
embryo. 

But to return to the bacteriophage; the bacteriophage corpuscle 
certainly penetrates the interior of the bacterium and multiplies there. 
It may be that the presence of the bacteriophage corpuscles within the 
interior of the bacterium causes reactions of the same type as those 
normally induced by the presence of the spore, that is to say, an auto- 
dissolution of the parasitized bacterium. The bacteriophage would 
then utilize for its metabolism the autolysed substances or at least, 
some of them. 

This new conception of the mode of action of the protobe does not 
apply solely to the bacteriophage, but in general to all of che infravisible 
viruses which are invariably intracellular parasites. 

Immunity in the coll attacked may be of one of two kinds, depending 
upon which of one of two processes becomes operative; a relative im- 
munity depending on an adaptation to the stimulating action of the 
parasite, an adaptation which may progr- ss even up to the point of a 
symbiosis, or a complete immunity, consisting in a digestion of the 
parasite. 

III. The third possible hypothesis dealing with the mode of action 
of the bacteriophage assumes that the bacteriophage itself elaborates 
ferments which dissolve the substance of the bacteria, thus utilizing 
the substance of the bacteria for its development. 

By analogy with the behavior of other living beings this hypothesis 
is the first to come to mind, but analogy most assuredly is not proof, 
and it may w'ell be that in these rudimentary beings, occupying the 
first step in the sequence of living creatures, behavior mayfae 
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Bacteriophagy does not take place in physiological saline, despite 
the fact that the inoculation of 0.05 cc. of a bacteriophage having a 
maxitnum virulence into 10 cc. of a saline suspension is followed by a 
complete clearing of the medium, 'rhis experiment, performed several 
times, led me to believe that bacteriophagy could actually occur Under 
such conditions.®*®'®"^ As a matter of fact this is not the case, for a 
multiplication of the bacteriophage corpuscles never occurs.* Several 
authors have made this same mistake. Obviously, this experiment 
might be interpreted as according with the hypothesis of the existence 
of an enzyme in the suspension. 

There is one fact, however, which seems to favor this third possible 
hypothesis. By the addition of alcohol all of the protein substances in a 
suspension of the bacteriophage, the latter included, are precipitated. 
If the precipitate is allowed to remain in contact with the reagent for a 
period sufficiently long to kill the protobes, we find that the precipitate 
redissolved in saline exercises an inhibitory action upon the growth of a 
bacterium of the same species as that which had been bacteriophaged. 
This experiment has been questioned by a number of authors, and 
indeed, when 1 first recorded it, I presented it with some reservations. 
I have since repeated this experiment .and I have again obtained an 
inhibitory effect. There is, nevertheless, an objection to the experi- 
ment which no one has as yet raised and which is still more serious. 
Even if the inhibiting action were extremely clear-cut, even if (as is not 
the case) the material caused a non-transmissible ‘‘lysis,” one could not 
affirm that the ‘‘lytic substance” was a product of the bacteriophage 
rather than of the bacterium. I realize, then, that this observation is 
invalid as an argument. 

Some other facts, not without interest may be recorded. From 
among my races of the Staphylo- bacteriophage I selected one which acts 
on some strains and not on others. When this race was added to a 
Bu^ension containing a mixture of a susceptible staphylococcus and 
of a naturally resistant strain, the latter were to some extent dissolved. 
But here again, one might quite logically object that perhaps this 
dissolution of resistant organisms takes place through the action of 
an enzyme liberated by the susceptible staphylococci during their 
bacteriophagy. 

* There is, however, some multiplication if the quantity of suspension inocu- 
lated is a little larger, a result most certainly to be ascribed to the fact that the 
bouillon present in the inoculated bacteriophage suspension serves as nutritive 
material. In fact, Maitland**’ has shown that the addition of 1 per cent of 
bouillon to saline is sufficient to permit bacteriophagy to take place. 
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Wldle the following experiments can be very readily interpreted by 
the hs^othesis of a lytic ferment secreted by the bacteriophage I hasten 
to add that they may also be interpreted in other ways, a fact which 
naturally deprives them of the character of proof. 

Divide a suspension of staphylococci (125 million cocci per cubic 
centimeter) into two portions. Inoculate the first with 0.05 cc. of a 
Coli-bacteriophage, the second with 0.05 cc. of the same bacteriophage 
together with some susceptible B. coU. Both tubes are placed in a 
water-bath at 45°C. After 3| hours the opacity of the second sus- 
pension is about half of that of the first. Spreadings on agar show, 
after incubation, for the staphylococcus suspension a layer of growth 
extending over the entire surface of the agar, for the mixed staphylocoo- 
ous-coli suspension, isolated colonies. 

Results of the same nature have been secured in another experiment 
where a Coli-bacteriophage was combined, in one tube with Vibrio 
metchnikovii, and in another, with a mixture of the vibrio and B. coli. 

The results are the same if a suspension of streptococci is used with 
the Coli-bacteriophage. Spreadings on agar of a drop of a suspension 
of streptococci inoculated with a Coli-bacteriophage give innumerable 
colonies; a spreading of a mixed streptococcus-coli suspension yields 
only a dozen colonies. 

Here are some experinicnts of another type, carried out in physiologi- 
cal saline. A suspension of staphylococci, 250 million per cubic centi- 
meter, is heated for a half hour at 70°C., and tests show that the fluid is 
sterile. Each of three tubes receives this suspension. To the first 
of these add 1 cc. of a very potent Staphylo-bactcriophage, to the second 
0.25 cc., and to the third 0.1 cc. After 48 hours at laboratory tem- 
perature the first suspension is hardly cloudy (the turbidity is about 
equal to that of a suspension containing 40 million cocci per cubic centi- 
meter), the second tube is about half as cloudy as at the beginning, 
while the third is unchanged, showing no evidence of clearing. 

Obviously, these experiments are open to the criticism that they give 
no proof that the dissolving ferments are produced by the bacterioph^. 
This I realize perfectly, and the experiments are to be taken only at. 
their face value. 

As a matter of fact, up to the present time, no experiment has been 
performed which allows us to select between the three possible hypothe- 
ses of which I have spoken. The second, especially, is as probable as 
the third. 
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Hie first essential toward gaming some light on this question is to . 
study the nature of the products which result from the dissolution of 
bacteria through the action of the bacteriophage. The bacterium 
selected for this type of study should bo B. coU, since this organism is 
readily bacteriophaged in a synthetic medium free of protein materials. 
Up to the present nothing has been done in this direction, or rather 
that which has been done has no veiy great value if one may judge from 
the contradictory conclusions reached by the two authors who have 
attempted to ascertain the nature of the products resulting from the 
degradation of the bacteria. According to Otto and Sukkienikowa*®’ 
the bacteria are necessarily degraded into special products; according to 
lonesco-MihaiestP®* the bacteriophage does not attack the protein 
molecule of the bacterial substance at all, the process being simply a 
plasmolysis. It would seem that it would be well to have this question 
investigated by a chemist. 

As for the fact that the injection of an animal with bacteriophage 
suspensions,— which as w’c know contain the dissolved bacterial sub- 
stances in addition to the bacteriophage protobes themselves, — causes 
the appearance in the serum of both antibacteriophagic and antibac- 
terial properties, this clearly shows that all of the bacterial substances 
are not modified by the bacteriophage. One portion remains chemically 
intact, since it retains its antigenic properties, while, on the contrary, 
another fraction necessarily undergoes a chemical transformation since 
it represents a new antigen. This last fraction con^ponds to the bac- 
terial substances which have been assimilated and transformed into 
bacteriophage substance. 

6. CONSEQUENCES RESULTING FROM THE LIVING NATURE OF THE 

BACTERIOPHAGE* 

Protobios bacteriophagus (syn. Bacteriophagum intestinale) form.s a 
new .species from the point of view of the systematist, but in what 
kingdom, animal or vegetable, does it belong? 

In all probability to neither the one or the other. To explain: It 
is impossible for us to believe that life results in a spontaneous forma- 

* I would refer the reader who may be interested in this aspect of the subject to 
Immunity in Natural Infectious Disease, Williams & Wilkins, Baltimore, 1924. 
I have shown there the nature of the probable results of the existence of protobes 
as applied to the constitution of bacteria, beings which in reality are inter- 
mediate between the protobe and the cellular microbes. The bacteria must be 
aggregations of protobes, each micella being the less evolved bacterium, and ca- 
pable of reproduction and of forming again the bacterial plasmodium. 
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tion, as a result of a physical-chemical phenomenon associated with a 
particular constitution of matter, of a protozoan or a bacterium, for 
these organisms, although comparatively simple, are much too complex 
to be formed all at once. 

A scientific conception of the origin of life should, on the contrary, 
be possible, just as soon as experiment demonstrates that there are 
beings of rudimentary organization, constituted of very simple as- 
semblages of a few micellae, the most rudimentary of one only, which, 
nevertheless, possess dU of the characteristics of living beings, even of 
those of a very complex organization, that is, the powers of assimilation 
and of adaptation, with their corollaries, the faculty of multiplication 
and the variability of characters. All these properties appear, indeed, 
to be bound up inseparably, resulting from a single cause. 

We actually know a number of “micellar” beings. They are those 
which experiment up to the present time has shown to be able to pass 
through ultrafilters; — the agents of bacteriophagy, of the mosaics of 
plants, of the animal plagues, of variola, vaccinia, rabies, and of en- 
cephalitis lethargica. And the list is certainly not closed.* 

These beings, manifesting what might be termed elementary life, 
most probably form a homogeneous group placed at the bottom of the 
two kingdoms, animal and vegetable, and from which are derived, by a 
simple phenomenon of aggregation, of synthesis, on the one hand the 
protophytes, and on the other, the protozoa. The name designating 
all of this group should bo “Protobes.” 

We have up to now considered the question of the bacteriophage only 
in its relation to the phenomenon of bacterial dissolution. It has 
interests extending far beyond this. 

In the last analysis, all of human science is actually directed toward 
the solution of two great problems; the nature of matter and the nature 
of life. 

During the last few years physicists have materially advanced the 
knowledge of their problems. And the significant point is just this, 
it was not by studying matter in its tangible form that they succeeded. 

* Among the diseases caused by the ultravirusea it is necessary to distinguish 
clearly tho^e in which the agent is a protobo, from those whose agent is an in- 
fravisihle form of a bacterium. To the causative agents of the second group I 
have applied the term ultrabacteria. In the last group we would certainly in- 
clude scarlet fever, the agent of which must be an infravisible form of a strep- 
tococcus. And there must be many more diseases which come, within this cate- 
gory. However, the difference between a protobe and the infrsfvisible form of a 
bacterium is not great. (See Immunity in Natural Infectious XHeease.) 
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It was only when they attacked the infinitely small particles of cheni|eal 
substances, when they studied the infravisible, that the day commeh^ 
to dawn. The meaning is clear. Surely it is not through studying 
visible organisms, complex ones, that biologists will reach the solution 
to their fundamental problems, for with such the investigator finds 
himself surrounded by a niultiplicity of diverse factors, which by their 
very number and by their complexity effectively prevent advance into 
the unknown. The physicists have blazed the trail. 

Here, as in the study of matter, it is necessary to approach the problem 
from the bottom. We do not know what life is, but we do know that 
life is certainly a physical property, a behavior of a colloidal micella of a 
particular constitution. In order to study this constitution, this be- 
havior, we must necessarily turn to the smallest possible particle of 
autonomous living matter, where life presents itself in its most ele- 
mentary form, where the complexity of the vital phenomena is least 
extensive. This infinitely small living being which it is necessary to 
study is, therefore, a protobe, and to be even more specific, it is that one 
which can most readily be observed, the bacteriophage. 

r£sum6 

The living state can only depend upon one of the two following con- 
ditions: either life results from an organization, or it results from a 
physico-chemical state of matter. 

Up to the present time the first theory, the cellular theory, has been 
almost universally accepted. 

The fact that the bacteriophage corpuscle has been demonstrated 
to be a simple protein micella, and that it is a living being, shows that 
the cellular concept of life is erroneous. Of necessity, then, the second 
alternative must be true. Life results from a particular physico- 
chemical state of the protein micella. 

With ccUular beings, in particular wdth the metazoa provided with 
a digestive apparatus, assimilation is complete. That is, the substance 
of the food is transformed into substance identical with that of the being 
which assimilates. With the protobes, and also with the bacteria, 
experiment demonstrates that assimilation is incomplete. Although 
the substance of these beings is essentially different from that of the 
foodstuffs consumed, nevertheless, it varies with the nature of the food, 
as is proved by the variation in antigenic properties. 

As a result of these variations, which are common to the protobes 
and to the microbes, — to bacteria at least, — there occurs a great variabil- 
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ity^among different representatives of a species. Each race of the 
basB^ophage presents special characters subject to variation from time 
to time. 

The facts of multiple virulence and of an experimental adaptation 
to the parasitism of a species previously unattacked, show that all 
races of the bacteriophage belong to a single species, the special char- 
acters of each race being acquired by adaptation. 

None of the arguments adduced by the partisans of the idea of a 
plurality of species of the bacteriophage arc valid, for the facts upon 
which these arguments are based are observed just as clearly within 
a sin^e race of the bacteriophage as among different races. 

Only three hypotheses are possible as to the mode of action of the 
bacteriophage protobe: 

It may act as an enzyme of which each granule is living; 

It may act by causing the bacterium itself to elaborate autolytic 
enzymes; 

It may itself elaborate bacteriolytic enzymes. 

Upon the basis of our present knowledge it is impossible to choose 
from among these three hypotheses. 

The fact that there is suen a being as Protobios bacteriophagus permits 
us to approach, in a scientific way, the problem of the origin of life. 




PART III 

THE BEHAVIOR OF THE BACTERIOPHAGE 

PROTOBE 




CHAPTER I 


Tiie Bacteriophage as an Antigen 
1. inoculation op the bacteriophage 

The normal habitat of the bacteriophage protobe is the digestive 
tract of animals, where it finds constantly the sole foodstuff at the 
expense of which it subsists, living bacteria. But this does not mean 
that the bacteriophage necessarily remains confined to the intestine. 
Ah a matter of fact it may be found in the urine (dTIerelle®^®), in the 
blood (d’Herelle®^®), and in other physiological and pathological 
products. Without entering into a discussion of this point at present, 
for we will later return to it, we may state that although the presence 
of the bacteriophage in the intestine is a constant occurrence, when it is 
found elsewhere its presence is incidental, and this in turn suggests 
that when it is found outside of its normal habitat it must have come 
from the intestine after passage into the circulation. 

The presence of the bacteriophage protobe within the body does 
not lead to any disturbance and is not accompanied by any visible 
symptoms such as would indicate its presence. I have inoculated 
rabbits with suspensions of the Shiga-bacteriophage®^^ without inducing 
in the animals the slightest detectable reaction. Similarly, no reac- 
tions at all appeared among the hundreds of fowl to which I adminis- 
tered, either by injection or by ingestion, bacteriophage races virulent 
for Eberthella sanguinaria {B. galUnarum) The hundreds of buffa- 
loes which received the bacteriophage virulent for Pasfeurella bovis 
also failed to show any reaction ct)nsequeut to the injections.^^z 

Bordet and (^iuca^® injected 2 cc. of a Coli-bacteriophage subcuta- 
neously into a guinea pig. Seven hours later they bled the animal, 
observing aseptic precautions, and found that the blood contained a 
bacteriophage vimlent for B, colu They secured the same results 
with a rabbit which had received 20 cc. of the bacteriophage intrar- 
"/eiiously. 

Appelmans^^ found that after a subcutaneous injection the bacterio- 
phage was eliminated rapidly from the different organs and tissues. 
It persisted in the spleen for several days after all of the other 
organs had become ultrasterile. Table 44 summarizes the results this 
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author obtained with guinea pigs, when inoculated subcutaneously with 
0.6 cc. of a suspension of the Coli-bactcriophage. 

He failed to find a bacteriophage in the tissues or organs of normal 
uninoculated guinea pigs. 

Other investigators have also attempted to determine the fate of 
the bacteriophage when inoculated, and their results do not agree, as 
is evident from the following rcsum6 of the published findings. Wer- 
themann**® reported that after the intravenous injection of guinea 
pigs, rabbits and frogs, the corpuscles disappear from the circulation 
slowly. In Avarm-blooded animals they could be found for 5 days; 
in the frog for 7 days. I have made comparable experiments with 
several different races of the bacteriophage, but I have never been 
able to detect the corpuscles in the blood 48 hours after the inoculation. 
According to Suzuki®*® after an intravenous injection in the rabbit, 
the bacteriophage may be found in all of the organs, including the di- 
gestive tract, I hour later. After 3 hours they are to be found in the 

TABLE 44 
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fiver and spleen only, while after 24 hours they have completely dis- 
appeared from all of the organs of the body. After a subcutaneous 
injection the relative rates of disappearance were the same, although 
the elimination throughout was somewhat delayed. Thus, the bac- 
teriophage was found in all of the organs after 3 hours, but it had com- 
pletely disappeared after 24 hours. He also reports that after inges- 
tion the corpuscles can be found in so short a time as 30 minutes in the 
lung and in the spleen. This would certainly seem to be erroneous. 

The results of my own studies agree throughout with those of Appel- 
mans. Wlien ingested the bacteriophage does not appear to penetrate 
the intestinal wall under normal conditions, but on the contrary it 
does pass through readily when within the peritoneal cavity there is 
some agency causing irritation. In discussing the hypothesis of 
Bordet and Ciuca we have seen that these authors concluded that as a 
result of the intraperitoneal injection of bacterial cultures it was pos- 
sible to isolate from the peritoneal exudate a bacteriophage virulent 
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for the bacterium injected. I have shown*** that it is the exception 
for this experiment to give the result claimed for it by Bordet and 
Ciuca, but by modifying the conditions under which it is done only 
to the extent of having the animal ingest, a few hours before the intra- 
peritoneal injection, a suspension of bacteriophage virulent for the 
bacterium injected, the experiment uniformly becomes successful. 
This proves that the bacteriophage isolated comes from the intestine, 
the passage into the peritoneum through the intestinal wall being in- 
duced by the irritation caused by the presence of the bacteria in the 
body cavity. Although lending but scant support to Bordet’s hypoth- 
esis of the origin of the bacteriophage, this experiment does show one 
thing very definitely, namely, that a resorption of bacteriophage pro- 
tobes through the intestinal wall can occur. .The fact that the cor- 
puscles can and do pass into the body has been confirmed by many 
investigators, whoso contributions to the subject will be presented in 
the discussion to follow. 

When bacteriophage protobes have penetrated into the tissues what 
is their fate? 

The experiments of Appelrnans** already mentioned have shown us 
that bacteriophage protobes behave like bacterial spores; they become 
concentrated in the spleen where they persist for some time after 
they have disappeared from the other tissues. This strongly suggests 
that they must be carrietl there, or retained there, by the phagocytes. 

Bruynoghe and Maisin*** have presented direct evidence that the 
bacterioj)hagc protobes are phagocytized. They carefully mixed a 
tnacc of a bacteriophage suspension with 2 cc. of fresh sterile pus. 
The number of corpuscles present was determined immediately and 
again after incubation for 24 hours at Comparison of the two 

titrations showed that a very considerable diminution occurred, which, 
according to the experunent, represented a reduction by some hundreds 
or thousands of times. 

It thus appears that the bacteriophage protobes behave in the body 
like saprophytic bacteria. But the substance of the protobes 
is protein in nature, and these proteins must function as antigens. 
That this is true is amply demonstrated by the data presented in the 
following section. 


2. ANTIBACTERIOPHAGIC SERA 

Bordet and Ciuca** gave rabbits several injections of a suspension 
of Coli-bacteriophage. The animals were bled a few days after the 



384 


THE BACTERXOPHAGE AND ITS BEHAVIOR 


last injection. Their first observation showed that the serum of the . 
rabbit so treated had no effect upon the growth of B. coU. They then 
mixed a suspension of the homologous Coli-bacteriophage and the' 
serum, and introducing 5 drops of this mixture into bouillon • which 
they then seeded with a drop of a B. coli culture, they foUlSd that 
after incubation the colon bacilli had developed as abundantly as in a 
control tube which did not*contain bacteriophage. From this they 
concluded that the serum of the animal, prepared by injections of the 
bacteriophage, possessed antibacteriophagic properties; that in the 
presence of the antiserum the bacteriophage failed to manifest its 
presence by the usual reaction. 

They heated, according to their method, the culture which had re- 
ceived the mixture of antiseium and of bacteriophage at fiS^C., ef- 
fected a few passages, and found that the bacteriophage was absent. 
Consequently, there has been, they said, a destruction through the 
action of the serum. Wc will ascertain in a moment if this last de- 
duction is correct. 

However that may be, whether the observed effect was due to an 
inhibition or a destruction, the fact remains that the serum of an ani- 
mal, prepared by injections of a bacteriophage suspension, possesses 
an antibacteriophagic property. 

The first serum obtained by Bordet and Ciuca neutralized the action 
of ten times its volume of a suspension of the homologous bacterio- 
phage. They then found that the antiserum inhibited the process 
of bacteriophagy both on agar and in a liquid medium, for when they 
impregnated agar slants with the serum, and implanted them with a 
secondary culture of bactcriophage-/i. coli, they obtained a normal 
growth, from which the subcultures remained normal indefinitely. 
The B. coli was “cured,” as they expressed it. But if these bacteria 
have been cured, they remain resistant nevertheless. Bruynogho^^* 
seeded a mixed culture of Imcteriophage-B. coli into a mixture of 
equal parts of bouillon and antiserum. After a series of 0 subcultures 
he isolated colonies on agar and found that all of them were resistant. 

Bordet and Ciuca also noted that the antibacteriophagic property 
of a serum could be established passively. When a normal rabbit is 
injected with some blood from a rabbit which has received repeated 
injections of the bacteriophage, within a few hours the blood of the 
normal rabbit has acquired the antibacteriophagic property. 

And finally, they observed that after a series of injections of cultures 
of normal B. coli , — ^the same strain as that at whose expense the bac- 
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teriophagc had developed, — ^no antibacteriophagic property appeared 
in the serum, but if they injected a mixed culture the serum became 
antibacteriophagic. This might, indeed, have been predicted. I 
have Shown that the injection of rabbits with very old mixed cultures 
(staph^ococcus or Shiga) which had undergone several transplants, 
yields antibacteriophagic sera although they are weak. 

The bacteriophage functions, therefore, as a specific antigen, an 
antigeh not found in the normal bacterium. Such is the conclusion 
of these authors. 

According to Prausnitz“* the antibacteriophagic property is ther- 
mostabile, resisting a temperature of 75“C. 

Otto, Munter and Winkler^”® found that different races of the bac- 
teriophage do not possess identical antigenic properties, and they also 
state that the higher the virulence of the bacteriophage, the stronger 
is the antigenic property. The protocols of their experiments do not 
seem to accord with this conclusion, as we will see later when we con- 
sider the question of the specificity of antibacteriophagic sera. 

A very interesting observation made by these same authors, is that 
if the antibacteriophagic serum is combined with bacteria which have 
fixed the bacteriophage corpuscles, that is, when the serum is not added 
until an hour after the bacteriophage is introduced into the bacterial 
suspension, the corpuscles escape the action of the neutralizing princi- 
ple, for when spread on agar, no growth appears after incubation. 
This is additional evidence that bacteriophagy can take place on a 
solid medium.* 

These experiments of Otto, Munter and Winkler were confirmed 
by Wagemans,®*® who also reported that different bacteriophages do 
not cause the appearance of “anti” properties having an equal neutral- 
izing capacity. Certain of the antisera inhibited the action of the 
homologous bacteriophage w'hcn they v.eic mixed with the suspension 
in a proportion of 1 to 1000, while others, under the same conditions, 
appeared to have no neutralizing property at all.t They proved 
that the nature of the animal inoculated contributed in no way to the 
differences in the activity of the antisera, but that the variable results 

♦ This shows also that the bacteriophage corpuscles penetrate into the bacteria. 
If they were only adherent to the surface it would be difficult to understand why 
they should be protected against the action of the serum with which they are 
bathed. 

t Comparable differences have been repeatedly observed with the bacteria 
and their antisera; never with the toxins. 
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depended upon real differences in the antigenic property of the different 
races of the bacteriophage. 

We have already mentioned that Prausnitz^®® has shown that it is 
possible, by adaptation, to render a bacteriophage resistant to the 
action of its homologous antiscmni. Bruynoghe and Wagemans^^’^ 
confirmed this fact, but by a different procedure. They prepared 
three antisera of unequal neutralizing values for a single Coli-bacterio- 
phage. Three successive passages were made with this bacteriophage, 
the first in media containing the least active serum, the second in 
media with the slightly more active scrum, and the third in media 
containing the most active serimi. After these three passages they 
found that the })acteriophage thus adapted caused a normal bacteri- 


TABLE 45 


PROPOKTION OF 

COtTNTR OP THE BACTERIOPHAOE CORPUSCLES MADE 

BACTERIOPHAGK TO 
ANTISERUM 

Im- 

rnocl lately 

After 

J s hours 

After 

8 hours 

After 

24 hours 

After 

48 hours 

After 

96 hours 

1:10 

1300* 

28 

1 

2 

0 

0 

1:20 

2000* 

184 

3 

3 

1 

0 

1:40 

2000* 

560 

6 

3 

1 

0 

1:80 1 

2000* 

840 

185 

20 

2 

1 

1:160 

3000* 

960 

260 

47 

1 

4 

1:820 

4000* 

1800* 

240 

485 

7 

13 

1:640 

4000* 

2000* 

1100* 

710 

750 

16 

1:1280 

4000* 

3000* 

1600* 

905 

1800* 

1200* 

Bacteriophage -b 

9000* 

9000* 

9000* 

5000* 

5000* 

8000* 

saline 








* The figures marked with an asterisk were obtained by counting a segment of 
a plate, using a Wolfhiigel apparatus. 


ophagy in the presence of c|uantities of a homologous antiserum which 
completely inhibited the action of the same unadapted bacteriophage. 

They found further that when the bacteriophage has become resist- 
ant, after having undergone passages in a normal medium sufficient 
in number to insure that all traces of the serum have been eliminated, 
it caused the development of “anti^^ properties when used as an antigen 
more active for the original unadapted bacteriophage than for the 
adapted bacteriophage the corpuscles used in the immunization of 
the animals. 

3 . TUB COURSE OF THE ACTION OP TUB ANTIBACTERIOPHAGIC SERUM 

The following experiment of Prausnitz^'"*® shows something of the 
nature of the process of inactivation of bacteriophage corpuscles by an 
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antiserum. Table 45, taken from Prausnitz, illustrates the effect of an 
antiserum for a Flexner-bacteriophage upon the homologous bacterio- 
phage. The figures refer to the number of corpuscles in 0.001 cc., 
based upon counts made by jdaque determinations. 

In his discussion Prausnitz calls attention to the inequality in resist- 
ance of the different corpuscles present in a single suspension, a fact 
which is in agi’ccment with what we know of the behavior of living 
beings. He also points out as worthy of comment the slowness with 
which the corpuscles are inactivated. 

4. VABTABIIilTY IN THE BEHAVlOU OP THE BACTERIOPHAGE 

l\Tien we undertake to consider this phase of the subject we are 
immediately confronted by experimental results which are absolutely 

TABLE 46 

RACE OF BArCKRIOPlIAOE WITH 
ANTr-fv SKllUM 


K (homologous) 

P 

S 

T 

F-2 

y-2^ 

Y 

contradictoiy, and which, su[)erficially at least, leave the subje<!t in 
the utmost confusion. Let us consider these results in the order 
of their publication. 

Otto, Munter and Winkler'®'* report the following experiments. 

A. A rabbit received 1 1 injections, at 8-day intervals, of a bacterio- 
phage, race K, whose virulences were 

with B. ilynenteriae Shiga b.acteriophagy at I-IO'® 
with B. dijsenteriae Flexner bactcriophagy at 1 • 10~® 
with B. dysenteriae Hus bactcriophagy at 1 • 10~® 
with B. typhosus bacteriophagy at 1 ■ 

The scrum of this animal was mixed in equal parts with suspensions 
of different races of the bacteriophage, and the bacteriophage-antiserum 


PLVNTll^aa MADE ON AOAR OF 


Bivcteriophago anti-»orum mix- Bactoriophage only combineil 
tiire combined with with 


n. 

ferine 

ISniga 

B. 

dy S' fit- 
ter ine 
Floxncr 

B, 

(It/fiev- 

itrtne 

iliss 

B. 

typht- 

SUS 

B, 

dyneri^ 

leriae 

Shiga 

B, 

dysen- 

iftim 

Flexnor 

B. 

dysen- 

teriae 

HiBB 

B, 

typho^ 

8118 

-13 

4-2 

4-2 

+4 

+4 

+4 

+4 

+4 

0 

0 

0 

0 

4-4 

+4 

4-4 

+4 

4-4 

4-4 

+4 

+4 

4-4 

+4 

+4 

+4 

0 

0 

db 

rh 

4-4 

+4 

4-4 

4-4 

0 

0 

0 

0 

0 

-1-4 

4-4 

0 

0 

0 

0 

0 


44 

4-4 

0 

0 

0 

0 

0 

0 

4-4 

■f4 

0 
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mixture was added to suspensions of the different bacteria for which 
the races of bacteriophage were virplcnt.* 

Table 46 indicates the comparative results obtained with the bac-^ 
teriophage-antisenirn mixture and the bacteriophage alone. 

B. A rabbit received 7 injections of bacteriophage F-2. Each in- 
jection was 2 cc.; the intervals between injections, 8 days. This race 
caused bactcriophagy: 


with B. dysenteriae Flexner at 1 • 10“^ 
with B. dysenteriae Hiss at 1 • 10“® 


and was without action on B, dysenteriae Shiga and B. typhosus. 

Determinations made as above (with the anti-K serum) gave the 
result shown in table 47. 

TABLE 47 


nVCE OF BArTBRIOPHAOB WITH 
ANri-F-2 SE HUM 

PLANTINGS MADE ON AG Alt OP 

Bactcrioijhage anti-scrum mix- 
ture combi no<l with 

Bacteriophage only combined 
with 

B. 

ijyscrt- 

tcriae 

Shiga 

! dysen- 
tcriae 
FJexner 

B. 

dytn>h’’ 

terian 

Hiss 

B. 

typho- 

sus 

B. 

dysen- 

teriae 

Shiga 

B. 

dysen- 

teriae 

Flexner 

B. 

dysen- 

teriae 

Hiss 

typho^ 

sue 

F-2 (homologous) 

0 

0 

0 

0 

0 

44 

4-4 

0 

K 

+4 

4-4 

-1-4 

4-4 

4*4 

4-4 

4-4 

4-4 

V 

-1-3 

H-3 

4-2 

-1-2 

4-4 

4-3 

4-3 

4-4 

T 

44 

4-3 

4-3 

4-4 

44 

4-4 

-1-4 

-1-4 

Y 

0 

0 

0 

0 


4-4 

4-4 

0 


C. A rabbit received 15 injections, at intervals of 8 days of bac- 
teriophage Y. Two cul)ic centimeters were given at each injection 
and the rabbit was hied 10 days after the last injection. Table 48 
gives the results of the tests of neutralizing action of the antiserum. 

From these experiments it appears; 

First, that in general, an antiserum for the Flexner-bacteriopiiage 
inactivates the virulence of the Flcxner-bacteriophage for the Flexner 
bacillus (and for the Hiss bacillus, a very closely related, if not identical 
organism). This is true for a majority of the races of the bacteriophage. 

* The results in the tables are expressed according to the scheme of notation of 
Otto; the various symbols meaning: 

0 ~ absence of plaques when spread on agar. 

dz == the agar medium shows a few scattered plaques. 

+1 and -f 2 = the placpios arc confluent, the figure indicating the relative 
number. 

4-3 » isolated b.acterial colonics. 

4“4 ~ the agar medium shows no growth whatever. 
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Second, that certain races of the bacteriophage are naturally refrac- 
tory to the action of heterologoi^ antiserum. Some of them are refrac- 
tory even to a homologous antisemm. 

Third, that the inactivating action of an antiserum for the different 
virulences of a single bacteriophage is extremely variable from one race 
to another. For example, in Experiment C, the last three races are 
multivirulent. Through the action of. the antiserum all three races 
lose their virulences for the Flexner and Hiss bacilli, but at the same 
time, race K retains intact its virulence for Shiga and for B, typJiosus, 
race T loses both, and race Ty loses much of its virulence for Shiga 
and retains that for JB. typhosus intact. 

TABI.E 48 


PliANl’IISraS MAbB OW AOAU OP 


Bacteriophage anti-serum mix- 
ture combined with 


Bacteriopiiage only combined 
with 


K\CB OP DACTEUIOnrAGB'wiTH 

anti-Y bbrum 


2 ... 

p. . 

s.. 

2-T 

F-l 

Sh. 

K. 

Ty. 

T. . 


B. 

dyaenr 

teriae 

Sliiga 

B. 

dysenr 

teriae 

Flexner 

B, 

dysenr 

teriae 

lliSB 

B. 

typho- 

sus 

0 

0 

0 

0 


0 

0 

0 

•i-4 

0 

0 

+4 

+a 

0 

0 

+4 

0 

+1 

0 

0 

!-4 

0 

0 

+4 

-r4 

0 

0 

-|_4 

+1 

0 \ 

0 

+4 

0 

0 

0 

0 


B. 

dyeen- 

teriae 

Shiga 

R, 

dysenr 

teriae 

Flexner 

B, 

dysen- 

teriae 

Hiss 

B. 

typho- 

sus 

0 

+4 

+4 

0 

+4 

+3 

+3 

+4 

+4 

+4 

+4 

+4 

+4 

+4 

+4 

+4 

0 

+4 

+4 

0 

+4 

+1 

+1 

+4 

+4 

+4 

+4 

+4 

4-4 

+3 

+3 

+4 

+4 

+4 

+4 

+4 


Bruynoghe, and his collaborators Wageinans and Appelmans,^^®'®^^ 
also found that the antigenic value of different races of the bacterio- 
phage is very variable, and although :aoy agree with Otto on this 
point they differ entirely upon the question of antigenic specificity. 
According to Otto there is a specificity of virulence; according to Bruy- 
noghe the specificity resides in the race. For the first (Otto), an animal 
prepared by injections of a bacteriophage developed at the expense of 
the Flexrer bacillus neutralizes the vimlence for Flexner bacilli (with few 
exceptions) of other races of the bacteriophage, leaving the other viru- 
lences unmodified. For Bruynoghe, the serum of an animal im- 
munized by injections of one race of bacteriophage, whatever may be 
the bacterium at whose expense it has developed, neutralizes all of the 
virulences of this race, and solely of this race; remaining without 
neutralizing action for aP. other races of bacteriophage. 
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I have quoted in detail the experimental results of Otto, since they 
show a great variability in the action of different antisera. It is un« 
necessary to reproduce those of Bruynoghc, for his results are absolute, 
bearing out his conclusion of race si)ccificity. 

The reason for these divergent results? It is, in part at least, due to 
the fact that Otto worked with races of the bacteriophage whose 
major virulence was for B. dymileriac, while in Bru 3 moghe’s experi- 
ments the primaiy virulence was for B. coli. 

These results bring to mind the statement, so often made, that if 
one wishes to draw correct deductions and to generalize it is essential 
to work with different races of the bacteriophage, races of maximum 
virulence, and to select races active for bacterial species as distantly 
related as possible. Wlicn an cxpeiiment is repeated with three races 
of the bacteriophage, virulent respectively for B. dyncnteriae Shiga, for 
B. typhosus, and for the staphylococcus, for example, and identical 
results are obtained, the chance for error in generalizing and in drawing 
conclusions from the experimental data is reduced materially. Unless 
results are confirmed by some such procedure erroneous conclusions are 
almost certain. 

Wolff and Janzeii*®® report their results in using a bacteriophage 
virulent for both B. coli and B. typhosius. In the firet place they started 
from isolated plaques on agar, thus insuring that their race was ultra- 
pure. With this bacteriophage (tu^), virulent for both the typhoid 
and the colon bacillus, and developed at the expense of B. typhosus, 
they immunized a rabl)it. They mixed 0.4 cc. of a suspension of this 
bacteriophage with 0.8 cc,. of the antiserum, ami allowed the mixture to 
stand at laboratory temi)erature for 24 hours, 'rho mixture was 
prepared in duplicate, and to one portion they added a suspension of 
B. typhosus, to the other, a suspen.sion of B. coli. After the period of 
contact they spread these mixtures on agar. The i-esults are shown 
in table 49. 

In a second experiment they produced two antisera, one (A), by 
immunizing an animal by injections of this bacteriophage, developed 
at the expense of B. coli, and a second (B), by injecting another rabbit 
with the same bacteriophage developed with B. typhosus. 'J'hey found 
that the anti-A serum inactivated the virulence for B, typhosus and 
failed to neutralize the virulence for B. coli; and that the anti-B serum 
showed precisely the same reactions. Their results agree, therefore, 
with those of Otto, and are in conflict with those of Bruynoghe. 

I have made a few experiments, using races that were certainly ultra- 
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pure, obtained by the selective isolation method previously de- 
scribed. These are the conclusions to which I have arrived. 

1. The antigenic value of different races of the bacteriophage is 
extremely variable. This agrees fully with all who have worked on the 
subject. 

2. The neutralizing action of an antiserum is by no means limited 
to the race of the bacteriophage which served for the immunization of 
the animal. In this point my results agree with those of Otto, Munter 
and Winkler. 

3. An antiserum shows a specificity of virulence and not of race. A 
serum derived from an animal immunized with suspensions of a bac- 
teriophage developed at the expense of one bacterium inactivates the 
virulence for this bacterium, and leaves, in general but not always, the 
other virulences unimpaired. Otto, as well as Wolff, reached a similar 
conclusion. 

TABi:.E: 49 


MlXTailBS 

PLAQUE COUNTS ON AQAR WITH 

//. typhosus 

B. eoli 

Hactcriophagc -f- antiserum 

] bacteriophage + bouillon 

4 

450 

Infinity 1 
Infinity J 

1 In 0.0001 cc. of 

I the mixture 



I have further observed that an antiserum for the Shiga, Flexner, 
or Hiss bacteriophage neutralizes the virulence for Shiga, Flexner, or 
Hiss bacilli of almost all other races of the bacteriophage. For the 
antibactcriophagic sera for the Coli-bacteriophage and the Typhoid- 
bacteriophage the specificity of virulence is much less uniform, al- 
though an action upon other races may be observed. 

.5. THK BACTEEIOPHAGE AXTIOEN 

With Eliava I reported®-’* some experiments from which it appeared 
that all racc.s of the bacteriophage must contain a common antigenic 
principle. As a matter of fact, .any antibactcriophagic serum what- 
ever — one prepared, for example, by injections of a Shiga-bacterioph^e 
- contains a sensitizer which caases the fixation of alexin in the pres- 
ence of a suspension of bacteriophage of any race whatsoever, such as 
a Plague-bacteriophage.* 

♦ Detailed protocols of these experiments have been presented in The Bac- 
teriophage, Its Kdle in Immunity. It is unnecessary to repeat them here, for 
reasons which arc obvious. 
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Bruyno^e and Maisin“* confirmed these experiments, as did’ also 
Gratia and Jaumain.*” But while unquestionably an antiserum for 
the Shiga-bacteriophage contains a sensitizer which fixes alexin in the 
presence of a suspension of the Staphylo-bacteriophage, it also appears 
that this crossed fixation may be observed when, instead of using sus- 
pensions of the bacteriopliage as antigens, bacterial autolysates of any 
species whatever, are employed. It is, then, the bacterium which 
contains the common antigen. 

I must, and do, willingly, recognize experiments well performed, and 
I realize that had my data been correct and complete the conclusions 
which I drew would not have been presented.* 

Does the inoculation of an animal with protobes of any kind, the 
agents of vaccinia and of rabies, for example, provoke the formation 
of sensitizers? This is a question which has been discussed freely, 
some investigators supporting their opinion by affirmative experiments, 
others confirming their point of view by negative results. Whatever 
may be the truth of the matter, it is obvious that the contradictory 
evidence proves, at least, that sensitizers for the protobes, if they exist 
at all, are certainly of but little potency. 

6. NATURE OF THE ANTIBACTEEIOPHAGIC PROPERTY 

Immediately after Bordet and Ciuca published their paper®* an- 
nouncing that the injection of an animal with suspensions of the bac- 
teriophage caused the serum of this animal to manifest an antibacterio- 
phagic property, and that by contact with such a serum the bacterio- 
phage was destroyed, I carried out with Eliava*^® some experiments in 
which we showed that, under the same conditions, the bacteriophage 
was not destroyed. The inactivation of bacteriophagic action was 
simply an inhibition. 

We prepared a mixture of equal parts of an antiserum for the Shiga- 
bacteriophage and of a suspension of the Shiga-bacteriophage. This 
mixture was allowed to stand for .5 days under conditions which would 
favor a destruction of the corpuscles by the antiserum if such a de- 
stiTictive action was present. After contact between the two sub- 
stances for the T) days the mixture was tested to ascertain the condi- 
tion of the bacteriophage. Three tubes, each containing 10 cc. of 

* It may be remarked, however, that it is conceivable that the common antigen 
is some of the bacterial substances which have been transformed through bac- 
teriophagy, even though the bacteriophage corpuscles themselves are not this 
antigen. 
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bouillon, were implanted with a drop of a bouillon culture of B. dysen- 
teriae Shiga. To the first of these tubes a drop of the antiserum- 
bacteriophage mixture was added. Tlie tube was thoroughly shaken, 
and a drop was transferred to the second tube. In the same way, a 
drop of the second tube was carried over to the third. In this way we 
procured a series of three tubes, all having essentially the same number 
of B. dysenteriae together with decreasing concentrations of the anti- 
serum-bacteriophage mixture. The tubes were incubated at 37°C. 
for 24 hours. Normal cultures of Shiga bacilli developed in the three 
bouillon tubes and plantings made from them on agar also sdelded 
normal cultures. These results would indicate that the bacteriophage 
had been destroyed. But the experiment was continued further; the 
tubes were returned to the incubator, and after a second incubation for 
24 hours it was found that in the first tube of the series a dissolution 
of the bacteria had commenced. Furthermore, transfers from this 
tube to agar remained sterile. Tubes 2 and 3 of the series still showed 
a normal culture of B. dysenteriae at this time, but after incubation for 
a further 24 hours dissolution had taken place in both of these. Agar 
cultures made from these tubes remained free of growth. 

The conclusion that the effect observed here is that of an inhibition 
only has been questioned, the objection being based upon the obser- 
vation that sometimes, with particularly active antisera and particu- 
larly sensitive races of the bacteriophage, bacteriophagy never takes 
place, even after several days, and that in such cases it is impossible, 
even by repeated passages, to reveal the presence of fcjie bacteriophage. 
Hence, this proves that the bacteriophage is destroyed. 

But even if such antisera exist, which may be possible, it does not 
alter the significance of the experiment reported above. For this 
experiment* shows unquestionably that after 24 hours thdre was a 
complete inliibition, for no plaques appeared on the agar transfers, 
even those made from the first tube where the number of corpuscles 
was very considerable. And it is just as certain that on the follow ing 
day bacteriophagy was effected, and the spreading made on agar re- 
mained sterile. There was, therefore, an inhibition, with a later 
reactivation. In what way could this take place? 

Prausnitz has demonstrated that in a bacteriophage suspension 
certain of the corpuscles arc endowed with a very definite resistance, 
and that the number of these scro-resistant corpuscles is the greater 
when the quantity of antisemm added is small. This suggests the 

• I have repeated this experiment since these results were first published. 
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explanation for our results. It is probable that in our experiment ,a 
few of the corpuscles r^^isted the action of thfe antiserum — and in al- 
most equal numbers ih the three tubes, since although the number of 
corpuscles varied in the different tubes, the quantity of antiserum va- 
ried likewise in the same proportion. These sero-resistant cori)usde3 
parasitized the nearest bacteria and reproduced, and thus were the 
origin of a sero-resistant line which ultimately provoked a complete 
bacteriophagy. 

I do not believe that it is necessary to discuss further this question 
of destmetion or inhibition. No one can longer have any real doubt 
on the point, for wo have seen in an earlier paragraph that the experi- 
ments of a great many workers agree in showing that the inactivation 
brought about by an antiserum is very frequently limited to a single 
virulence, the other virulence^ remaining intact. Manifestly, under 
such circumstances, the bacteriophage protobe can n6t be destroyed; 
it can be but an inhibition. 

The possible objection that the obvious inactivation of one virulence 
while another is retained may be due to the fact that the experiment 
was not performed with pure races of the bacteriophage, but rather 
with mixtures of different bacteriophages, each being then neutralized 
specifically by its antiserum, is valid for the experiments of Otto, but 
it can not hold for either those of Wolff or those which I have reported, 
for in both instances the races of the bacteriophage used were certainly 
ultrapure. 

In what way docs this inactivation of virulence occur? As a matter 
of fact, is the action of the antiserum on the protobe itself or on the 
bacterium? This it is impossible to answer definitely at the present 
time. 

A number of authors, among whom Arnold and Weiss*® may be 
mentioned jiarticularly, have attempted to show that the “neutraliza- 
tion” of a bacteriophage by an antiserum follows a course identical to 
that of the neutralization of a toxin by an antitoxin. These authors 
have adopted a method of reasoning which appears again and again 
throughout the study of the bacteriophage. They have selected a 
single, relatively unimportant fact, found that it has an analogy in 
some other phenomenon, and have generalized from this fact without 
taking into consideration all of the other facts which inherently contra- 
dict their deductions. I''urthcrmore, in the case of the authors men- 
tioned, their method of “titrating” the l)acteriophage is so inadequate 
that it does not permit a satisfactory study of the phenomenon. 
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Insofar as the inactivation of the bacteriophage by an anti-bacterio- 
phagic serum is concerned there is nothing comparable with what 
takes place when a toxin is neutralized by an antitoxin. The following 
points bring out, I believe, the complete dissimilarity of the two pheno- 
nien^. 

1. Inactivation docs not occur according to definite proportions; 
the great majority of the corpuscles are inactivated at the start, 
and then, in order to inactivate the few corpuscles remaining, those 
endowed with a natural sero-resistance, it is necessary to add greater 
and greater quantities of the antiserum. 

2. Inactivation of the bacteriophage is an extremely slow process. 

3. The antiserum '^curcs” secondaiy cultures. No one has ever 
advanced the concept of an antitoxic serum which should cause the 
bacterium to lose the property of elaborating an antitoxin.* 

4. Different ra'ces of the bacteriophage, virulent for a single bacterium, 
possess markedly different antigenic properties; some apparently have 
none, for when inoculated into an animal they fail entirely to cause the 
appearance of an antibacteriophagic property. I do not believe that 
anyone can recall a comparable fact observed with the toxins. 

5. Certain races of bacteriophage inoculated into an animal do not 
lead to the formation of an homologous ''anti” property only; the 
"anti” action is also directed against other races. We know of com- 
parable facts in connection with the antigenic action of the bacteria, 
but never with the toxins. 

fi. An antibacteriophagic serum neutralizes a vinilcnce of one bac- 
teriophage and allows others to persist unimpaired. There is nothing 
comparable to this, quite naturally, with antitoxic sera. 

7. In determining the power of inactivation of several anti-bacterio- 
phagic sera (derived from animals prepared by inoculations of dif- 
ferent races of the bacteriophage, but all virulent for a single bacterial 
species) we find that some sera exert their effect upon many races of the 
bacteriophage while with other sera the action is specific and limited 
to the homologous race of bacteriophage. Antitoxic sera show nothing 
comparable to this.f 

* It is i’^deed evident, that when the inactivation of the bacteriophage by an 
antiserum is likened to the neutralization of a toxin by an antitoxin, it necessarily 
follows that the bacteriophage is likened to a toxin. 

t That is, if we prepare three diphtheria antitoxins, for example, in three differ- 
ent animals immunized respectively with three different strains of Bacl, dipk- 
theriae, each of these three antitoxins may differ from the others quantitatively 
but not qualitatively. All three manifest an activity on any diphtheria toxin 
whatever. 
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It is only necessary to consider the experimental data which have 
been detailed in this chapter to sec the logic of these conclusions. 

And finally, recognizing that an “inactivating principle” is present 
in an antibacteriophagic serum, the quite logical question is as to its 
nature. It can not be a sensitizer, for it brings about its effects without 
the intervention of alexin. Let us note in this connection that this 
is true for all antisera to the protobes. The anti-vaccinia sera, and 
anti-rabies sera, for e.xample, inactivate the corresponding protobes 
in the same way without the intervention of alexin. This is, then, it 
appears, a general fact appl3Tng definitely to the protobes and to pro- 
tobes exclusively.* 

The “anti” principle which neutralizes the action of the protobes is, 
therefore, neither an antitoxin nor a sensitizer, and since it fails to con- 
form to these recognized immunological principles I have proposed to 
term the active principle an antivirulin. 

Study of the antibacteriophagic senim, — and such a study is in reality 
only beginning, — assumes a far greater importance in that the facts 
disclosed will not necessarily be limited solely to the bacteriophage, 
but may give us some information regarding the nature of the immunity 
to the pathogenic protobes. 

In concluding the discussion of this subject I believe that it may 
be weU to state that for many diseases there may be some question 
as to whether the causative agent is an ultravirus, that is, a protobe, 
or a microbe. Scarlet fever, for example, might be included in this 
class. But it would seem that the question may be settled readily. 
Does the heated serumf of a convalescent, by itself, neutralize the 
virus present in the blood of a patient? If the answer Ls in the affirm- 
ative, the agent is a protobe and not a microbe.J With scarlet 
fever, for example, if the serum of a convalescent neutralizes th<‘ virus 
the primary agent is certainly not the streptococcus, at least, not the 
visible form of the streptococcus. If neutralization docs not occur, a 
microbe is the primary' agent, — in this case the streptococcus. 

* This question of immunity against the ultraviruses, that is, against protobes, 
has been treated at length in the last two chapters of the text Immunity in Natural 
Infectious Disease, to which the reader who may be interested is referred. 

t Prausnitz has shown that the antibacteriophagic substance resists a tempera- 
ture of 75°C. 

X One can not object that the neutralization may be exereised on a toxin, for a 
toxin is not a virus; it does not produce a serially transmissible disease. 
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7. THE COMPLEXITY OP AN ANTIBACTBRIOPHAGIC SERUM 

The antibacteriophagic property which appears in the serum when 
an animal is injected with a suspension of the bacteriophage is neces- 
sarily produced because of a reaction by the animal to the bacterio- 
phage protobe. But a bacteriophage suspension contains not only 
protobe substance, but other materials as well, such as: 

1. The dissolved substances of the bacterial bodies. 

2. The products resulting from bacteriophag>’^, no matter whether 
they are elaborated by the protobes or by the bacteria.* 

3. Products elaborated in the physiology of the bacteria prior to 
their dissolution, such as the toxins. 

The antibacteriophagic scrum must, therefore, contain a complex 
of antibodies, and, as a matter of fact, various antibodies have been 
demonstrated. In their early work with the sera Bordet and Ciuca*** 
showed that such a serum had agglutinating properties for the bacterium 
bacteriophaged, as well as precipitating properties. With Eliava®^** I 
found that it also contained a sensitizer for the bacterium concerned. 
Wollman and Goldenberg®^^ have shown that the antigenic value of 
the bacterial substances dissolved through the action of the bacterio- 
phage is superior to the antigenic value of normal bacteria. 

Those facts make it evident, and this is a point of some significance 
from the point of view of the nature of the bacteriophagic process, 
that the greater part of the bacterial substance can not have under- 
gone any great modification in the sense of a degradntion during the 

* That such products exist is proved by a number of the experiments described 
in Part I of this text, among others, by the experiment showing the absence of 
bactcriophagy in gelatin media because of the accumulation of these products at 
the surface of the medium. It may be recalled that this inhibition is due to the 
non-diffusibility of these substances into the gel -it in, since on a layer of gelatin 
superimposed upon a substratum of agar, bacteriophagy takes place normally. 

In the text The liactcrio})hage, Its Role in Immunity®^^ I suggested that in 
bacterial susp(3nsions which had undergone bactcriophagy there might be present 
both “lysins” elaborated by the bacteriophage and “antilysins*' elaborated by the 
bacteria. I recognize, as I have already said, that such an inference can not be 
e xperimentally confirmed, and that at the present time, it is impossible to show 
thnt such ;)roducts exist. 

On the contrary, and here experiment is conclusive, in a bacteriophaged bacterial 
suspension there are abnormal substances which do not appear either in old cul- 
tures of bacteria or in autolysates. These substances\ppear only because of the 
presence of the bacteriophage, although[^there is no’^indication as to their origin. 
That is why I have designated these substances as “products resulting from 
bactcriophagy.*^ 
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process of bacteriophagy. The bacteriophage protobes utilize one 
fraction of the l)actorium for their development, and this part is neces- 
sarily transform od since, as we have seen, bacteriophage substance differs 
from bacterium substance, but apparently the rest is not modified 
chemically, since its antigenic properties are the same after bacterio- 
phagy as they were before. Otto and Winkler*” saturated an anti- 
bacteriophagic scrum with the homologous bacterium and found that 
the antibacterial properties disappeared. Nevertheless, despite the 
fact that the bacterial antibodies were absorbed, the antibacteriophagic 
property persisted. From this they concluded that the bacteriophage 
possesses an antigenic function of its own. 

Does the antibacteriophagic serum contain antibodies for the “prod- 
ucts resulting from bacteriophagy”? It is impossible to say. 

As for the presence of antibodies for the physiological products 
elaborated by the bacteria before they undergo dissolution, we will 
shortly sec what happens. 

8. THE ANTI-ANTIBACTERTOPHAGIC SERUM 

In connection with the bacteriophage, as with so many other im- 
munological studies, we have the question of anti-antibodies receiving 
attention. Fabry and van Beneden*®^ first prepar6d an antibacterio- 
phagic serum in a rabbit by a series of injections of a bacteriophage 
suspension, the scram being collected when the antibacteriophagic 
property ivas sufficiently outspoken; Thej' then immunized a dog 
with this antiserum, first injecting the serum subcutaneously, later 
intraporitoneally, in amounts of 1 to 2 cc. Two rabbits and three 
guinea pigs were also injected with the same antiserum. After 5 
injections, given at 4 day intervals, they allowed the animals to remain 
without further treatment for a month, in order that the passively 
transferred immunity might disapjiear. The animals were then bled. 

In the case of the rabbits and the guinea pigs they were unable to 
find the slightest evidence of an anti-antibacteriophagic property. 
W'ith the dog serum, on the contrary, some interesting observations 
were made. A mixture of equal parts of the antibacteriophagic serum 
and of that of the dog immunized with this antiserum was incubated 
for an hour at 37°C., and then allowed to stand over night at laboratory 
temperature. With this incubated mixture of the two sera the follow- 
ing tests were made. 

Each of 12 tubes, containing 10 cc. of bouillon, was seeded with a 
drop of a culture of B. coU. To these implanted tubes, the various 
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materials were added as indicated in table 50, which also records the 
results obtained. 

From these experiments we find that the “antibacteriophage agent” 
contained in 4 drops of the antibacteriophage-coli serum is neutralized 
by 12 drops of the “anti-antiserum.” This “anti-anti” property re- 
sisted heating at 56°C. for 30 minutes. 

Fabry and van Bcncden concluded that the injection of an anti- 
bacteriophagic scrum (rabbit) into a different and unrelated animal 


TABLE so 

Each of the twelve tubes contains 10 cc. of bouillon implanted with 1 drop of 
B. coK culture. 



ADDITIONAl., MATERIALS ADDED 

1 

Tunic 

Coli-bacterio- 

pluij;e 

Antibacterio- 
pliagic scrum 

Anti-* 

antibacteriophagic 

Bcrurn 

RESULT 

1 

2 

3 drops 



Growth 

No growth 

3 

8 drops 

4 drops 


Growth 

4 

3 drops 

3 drops 

3 drops 

Growth 

5 

8 drops 

4 droi>s 

8 drops 

Slight growth 

0 

8 drops 

4 drops 

12 drops 

No growth 

7 

8 drops 

4 drops 

16 drops 

No growth 

8 

8 drops 

4 drops 

20 drops 

No growth 

0 


3 drops 

3 drops 

Growth 

10 

3 drops 


3 drops 

No growth 

11 

3 drops 

3 drops of normal rabbit 
sei*um 

Growth -f or 0* 

12 

3 drops 1- 0 drops of normal serum t 6 
drops of anti-anti scrum 

No growth 


* In the course of a number of experiments they ol)servcd, in some instances, 
that the serum of a normal rabbit inhibited the action of the Coli-bacteriophage, 
while the sera of other rabbits were without i-’.liiiiitory action. 


specdos (dog) led to the fornialion within the dog of “anti-anti” prop- 
erties capable of neutralizing m vitro the antibacteriophagic serum. 
In reality, this is not a true “anti-anti” action, and this is clearly shown 
by the fact that it is impossible to produce such a serum in animals of 
the sanu' species or in related species, (.'crtainly the effect observed 
is referable to a precipitation of the glol)ulins. Dehne and Hamburger* 

‘Dehno'^R., and Hamburger, F. — Experimenteluntcrsuchungen liber die 
Folgen parcntcraler Einverlcibung von Pferdserum. Wien. klin. Wchnsohr., 
1904, 17 , 807. 
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many years ago thoroughly studied and explained this question of 
anti-antisera. 

9. THE ACTION OP ANTIBACTBRIAI* SERA 

Various authors (Bail,^ Machado and da Costa and others) 

have attempted to show that a serum which is purely antibacterial 
can neutralize the action of the bacteriophage to the same degree and 
in the same way as does an antibacteriophagic serum. 

Machado and da Costa Cruzi^-^-^ provide experimental data ac- 
cording to which it would appear that the addition of a single drop of 
an anti-Shiga serum, with an agglutinating titre of 1:5000, to 10 cc. 
of bouillon inoculated with 1(3 drops of a suspension of the bacteriophage 
impairs bacteriophagic action to some extent. If 10 drops of the anti- 
bacterial semm is added to 10 drops of the bacteriophage suspension 
the action of the liactcriophage is completely prevented. 

They further found that if an extract of Shiga bacilli was added to 
the bouillon the inhibitoiy action of the antibacterial serum was 
abolished; bacteriophagy took place. 

They concluded, as had Bail in an earlier contribution, that the 
neutralizing action of an antibacterial serum and of an antibacterio- 
phagic serum upon the bacteriophage is of the same nature. 

But proof to the contrary can be obtained in a very simple manner. 
If a drop of a suspension of the bacteriophage is added to 10 cc. of the 
homologous antibacterial scrum, that is, a serum a^lutinating the 
bacterium at the expense of which the bacteriophage had developed, it 
will be found after any interval of time whatever, in my experiments 
varying from 1 day to 0 inontha, that the proportion of living and virulent 
corpuscles is exactly the same as in a control preparation made with 
physiological saline. 

These experiments have been made with a Shiga-bacteriophage and 
an anti-Shiga serum, agglutinating at 1: (3500, derived from a horse;with 
a ('oli-bacteriophage and the semm of a rabbit which had received a 
series of injections with the .same strain of B. coli as that used in making 
the passages of the bacteriophage; and with a Staphylo-bacteriophage 
and its con-esponding autistaphylococcus serum. The results with 
these various antisera and with the diverse races of the bacteriophage 
warrant the conclusion that an antibacterial seram does not exercise 
the slightest destructive effect upon the bacteriophage itself. 

In their determinations Machado and da Costa Cmz must have 
worked with a Shiga-bacteriophage of low virulence, for in repeating 
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their experiments with a bacteriophage of maximum virulence, I found 
it necessary, in order to obtain an inhibition of bacteriophagy, to add 
to the bacterial suspension inoculated with the bacteriophage a quan- 
tity of antibacterial serum far greater than that used by these authors. 
I will cite one of these experiments illustrating the effects observed. 
All gave comparable results. 

To tubes containing 10 cc. of bouillon (pH 7.8) 16 drops of a Shiga- 
bacteriophage suspension were added, along with variable quantities 
of an anti-Shiga serum, agglutinating in a dilution of 1:6500. After 
incubation for 1 hour at 37°C. the tubes were planted with 3 drops of 


TABLE 51 


TUBB 

ANTI-SHIQA 

SEUIJM 

SniGA-BACTBRlO- 

PUAGB 

BHIOA B\C1LL1 

RESULT 

1 

10 drops 

16 drops 

3 drops 

No growth 

2 

5 drops 

16 drops 

3 drops 

No growth 

3 

1 drop 

16 drops 

3 drops 

No growth 

4 

30 drops 

1 drop 

3 drops 

Agglutinated 

5 


1 drop 

3 drops 

Fine agglutinate 

6 


1 drop 

3 drops 

No growth 

7 

10 drops 


3 drops 

Heavy deposit ;^ag- 
glutinated 


TABLE 52 


TUBE 

ANTI-FLEXNBU 

SEBUM 

FLBXNER 

B.\CTEU10- 

IIIAGE 

FLEXNBR 

BACXLLI 

EXTRACT 

OF PLEXNBR 
BACILLI 

RESULTS AFTBR 

24 HOURS 

1 

5 drops 

2 drops 

3 drops 


Agglutinated 

2 

5 drops 

2 drops 

3 drops 

5 cc. 

Clear 

3 

5 drops 

2 drops 

3 drops 

3 cc. 

Clear 

4 

5 

6 drops 

1 

2 drops 

3 drops 

1 cc. 

Clear 

Growth 


a 24-hour bouillon culture of Shiga bacilli. The results were as shown 
in table 51. 

From a titration of this type it is obvious that the antibacterial 
semm has an inhibitoiy elTeet upon bacteriophagy, but it also shows 
at least when working with a very virulent bacteriophage, that it is 
necessary that it be added to a high concentration. As a matter of 
fact, additional experiments have shown that the effect of an anti- 
bacterial serum becomes more outspoken as the bacteriophage used 
is of lower virulence. 

As mentioned above, da Costa Cruz**® presents data showing the 
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neutralizing action of bacterial extracts for the serum. Table 52 indi- 
cates the results obtained in one experiment of this type. 

Hauduroy^^’ has also worked on the question of the inhibiting action 
of antibacterial sera and reached the conclusion that an inhibition does 
occur, lint according to his protocols it requires far greater quanti- 
ties of scniin than is indicated by the experiments of da Costa Cruz. 
Hauduroy distrii)uted a young culture of B, dysenteriae Shiga in tubes, 
10 cc. to each, and inoculated each one with J drop of a. slispension of 
the bacteriophage. He then added the anti-Shiga serum in quantities 
var^dng from 2 to 10 drops. Bacteriophagy took place normally. 
When the serum was added in quantities of between 12 and 34 drops 
the bacteriophagic process was retarded. It was only when the quan- 
tity of serum added was above 30 drops that inhibition occurred. 

Studying the phenomenon further, he found that the inhibitory 
action was not due to some effect upon the bacteriophage itself, for if 
he filtered a suspension which remained turbid because of the large 
amount of added scrum, he found that the bacteriophage was still 
alive and virulent in the filtrate. He concluded that the T'i'ocess 
of bacteriophagy was held in abeyance because some substance, se- 
creted by the bacterium and essential to bac,terio])hagy, was flocculated 
by the serum. 

If we consider the question as to the mechanism whereby an anti- 
bacterial senim may be inhibitoiy we immediately discover that 
there are two possible hypotheses which would explain the facts ol)- 
served, and not a single explanation, as Hauduroy seems to believe. 

The antil)acterial serum exerts no direct action upon the bacterio- 
phage protobe, as experiment shows. Obnseqiicntly, the inhibiting 
action must be dependent upon some modification of the bacterium or 
upon some product elaborated by the bacterium. 

We have seen in the section dealing with the nature of the bactorio- 
phagic process that although the bacterium acted upon is in a medium 
containing cjuantities of an antiseptic which do not prevent its multi- 
plicationjj the bacteriophage may, nevertheless, remain inert. The 
inhibitin; , action of tlie antibacterial seram can be explained perfectly 
upon the same basis, it making no difference whether the action is 
exerted by an antiseptic or by an antiserum. 

On the other hand, we know that the first step in the phenomenon 
of bacteriophagy consists in the approach of the corpuscle to the sus- 
ceptible bacterium. As the antibacterial scrum most certainly modi- 
fies the surface tension of the bacterium, we have no reason to believe 
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that this cl^nge may not prevent the fixation of the corpuscle to the 
bacterial cell. 

To consider the phenomenon from another point of view, we know 
that in order for the fixation to take place it is essential that there be an 
approach Si the corpuscles to the bacteria, and Kabelik®®^ seems to 
have shown that the primum movens for this coming together resides 
in a phenomenon of chemotaxis on the part of the bacteriophage cor- 
puscle. This .diemotaxis is necessarily determined by some bac- 
terial product to be found in the liquid, in the same way, for example, 
as the chemotaxis of the fern antherozoid for the oosphere is deter- 
mined by a secretion of malic acid by the latter. If the antibacterial 
substance precipitates the substance which determines the chemotaxis, 
the drawing together can not occur.* 

Such are the hypotheses which may be formulated in an effort to 
explain the mechanism whereby an antibacterial serum modifies the 
process of bacteriophagy. Which hypothesis is true? I do not know. 
But in any case, one fact is certain, and that is that such a serum 
exerts no direct action upon the bacteriophage protobe itself. 

10 . THE PHENOMENON OF ANTIPHTLAXIS 

When we immunize an animal by giving it a series of injections, 
using cultures of a toxic bacterium, such as B. dysenteriae Shiga , we 
Imow that the serum of this animal acquires an antitoxic property. 

A culture of Shiga bacilli, transformed through bacteriophagy to a 
suspension of bacteriophage protobes, still contains the bacillary 
toxins. To be convinced of this it is only necessary to inject rabbits, 
some with a quantity of culture sufficient to cause a posterior paralysis 
and death, and others with a suspension of the bacteriophage m- 
mediately after bacteriophagy. A comparison of the effects will show 
that the latter substance is as toxic as is a noraial culture, indeed, it 
may be more so. 

* To the observation that in order to fix itself to the bacterium the bacteriophage 
corpuscle raay require that some product secreted by the bacterium be found in 
the liquid, Hauduroy draws the singular conclusion that the bacteriophage must 
be a ‘ ^complex, * * formed of a living corpuscle and a soluble bacterial product. Man 
has an incessant need for oxygen, but it would be a poor definition of a man to say 
that he is a complex formed of a body and oxygen. Nor is the antherozoid of a 
fern formed of a complex with malic acid. 

t Endo- or exo-toxins; what do we mean? As has been said by Nicolle the 
urine is an endo-urine or an exo-urine, depending upon whether it is in the bladder 
or in a test-tube. There is about the same difference between an endo- and an 
exo-toxin.. 
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When we immunize a rabbit with a suspenson of the bacteriophage, 
along with the protobes we inject of necessity the materials resulting 
from the dissolution of the bactc'rial bodies and also any toxins and 
like substances that may be present. We should, therefore, necessarily 
obtain a serum which at tlie same time will have antibacteriophagic, 
antibacterial, and antitoxic properties. We have seen that this is 
certainly true as regards the first two of these properties. In order to 
demonstrate whether antitoxic principles are also present, carry out 
the following experiment.®-^^ 

Give a mouse, by subcutaneous injection, a lethal dose of a dysen- 
tery toxin prepared by the method of Rowland, as modified by Nicolle,* 
and at the same time, 0.5 cc. of the antiserum for the Shiga-bacterio- 
phage. Give a second mouse the same quantity of toxin and 0.5 cc. 
of an anti-Shiga serum. Give a third mouse a lethal dose of the toxin 
only. Subsequent events shows that the first mouse dies in about 
30 hours after the injection; the second mouse lives indefinitely; and 
the third dies 4 days after the injection. ^ 

From this it is perfectly'' obvious that the antiserum for the Shiga- 
bacteriophage is not antitoxic, indeed, on the contrary it seems to be 
definitely sensitizing. Let us consider this singular phenomenon 
somewhat further. 

Four mice receive subcutaneously a dose of dysentery toxin equal 
to one-tenth of the lethal dose. The first mouse is held as a control 
without further treatment. Two other mice receive in addition to 
the toxin 0.2 cc. of the antiserum for the Shiga-bacteriophage, and the 
last of the toxin-injected mice gets 0.1 cc. of the antiserum. The 
results: The first remains perfectly well indefinitely, the two which 
received the 0.2 cc. of dose of antiserum die after 40 hours, and the 
last mouse dies after 54 hours. 

Here the results are oven more clear-cut than in the previous ex- 
periment; the Shiga-bacteriophage antiserum sensitizes the animals 
to the action of the toxin. The results are the more striking when we 
consider that whatever the number of lethal doses of the Nicolle Shiga 
toxin injected into a mouse, death never occurs before the fourth day. 
Here, when the antibacteriophagic serum is injected with the toxin, 
even when added to a dose of toxin far below the normal minimal 
lethal dose, death takes place within 48 hours. 

* The bacterial bodies are ground with anhydrous sodium sulfate, the powder 
so obtained is dried in the air, and dissolved in water at the time of injection. 
The turbid fluid thus obtained is centrifuged, and the clear supernatant portion 
is used for the injection. 
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Let us take'living dysentery bacilli, instead of toxin, and determine 
whether a similar sensitizing action is manifested here by the antiserum. 
Four mice receive subcutaneously a dose of dysentery bacilli equal to 
one-fifth of the lethal dose. The first mouse is held as a control. The 
second receives, also subcutaneously, 0.2 cc. of the antiserum, and the 
last two mice 0.1 cc. of the serum. The control animal lives, showing 
nothing abnormal. Those mice which received the antibacteriophagic 
serum in addition to the bacilli die in 7 to 9 days after the injection. 
Before death they show a paralysis of the posterior extremities, a 
symptom of intoxication which as a rule does not appear in mice fol- 
lowing injections of B. dynenteriae, although a paralysis of this type is 
a common s 3 miptom in rabbits, more or less peculiar to the species.®*^ 
This experiment leaves no room for doubt; the antibacteriophagic 
serum possesses, not an antitoxic property, but a property which is 
precisely the opposite of antitoxic. It sensitizes the animal to the 
toxin. For this state of hypereensitivity I have coined the term “anti- 
phylaxis.”®"® 

One other experiment may be cited, since it shows another aspect 
of the phenomenon of antiphylaxis. Give a group of mice 5 successive 
injections at weekly intervals, using an old suspension of the Sh^a- 
bacteriophage in doses of 0.01, 0.02, 0.05, 0.1, and 0.15 cc. When 
tested by the injection of Shiga toxin 15 days after the last injection it 
is found that these mice are killed by quantities of toxin equal to a 
fifth of the lethal dose for control mice.®®* 

That the iihenomcnon of antiphylaxis occurs ha« been confirmed 
by a number of authors, whose contributions to this phase of bacteri- 
ophagy arc of sufficient theoretical interest, as well as of practical 
importance, to warrant discussion here. 

In tlin course of experiments on the immunization of rabbits with 
suspensions of the Staphylo-liacteriophr.ge Gratia*®® observed that 
when tl\e sera had acquired a strong antibacteriophagic power the 
animals were hypersensitive to the injection of cultures of the staphy- 
lococcus. With minimal injections of the coccus they died in less 
than 4 days, one with a miliaiy infection of the spleen, another with 
a similar infection involving the kidneys. The normal control rabbits 
died only after a period of 8 days, and even then only when they had 
been injected with a much larger quantity of the culture. This shows 
a diminished resistance to the staphylococcus, comparable to that 
which I had demonstrated in mice with B. dysenieriae. 

Perhaps even more conclusive are the following experiments of 
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Hauduroy.*** He immunized a number of young rabbits, weighing 
from 1300 to 1700 grams, giving them a series of 7 injections of a sus- 
pension of the Staphylo-bacteriophage. All injections were made 
subcutaneously, at 5- to 6-day intervals, and 2 cc. of the suspension 
were given on each occasion. The bacteriophage used was of maximum 
virulence. ITic suspensions were filtered, and were held for at least 
15 days to prove their sterility before they were used. 

Other rabbits, which were to serve as controls, received a like num- 
ber of injections of sterile bouillon. 

Considering the effects as they developed during and after this 
treatment, the results may be divided into two groups: 

First group: A number of the rabbits became emaciated very quickly, 
and died, cither before or immediately after the scries of 7 injections 
was completed. At autopsy Hauduroy never found staphylococcus 
lesions of the organs in these animals, but always multiple subcutaneous 
abscesses due to staphylococci. When these abscesses ulcerated the 
lesion did not appear, in any case, to show any tendency toward a 
spontaneous cicatrization. 

Second group: The other animals increased in weight in an approxi- 
mately nonnal fashion throughout the entire course of treatment. 
Abscesses never appeared. But if, a few days after the last injection of 
the bacteriophage, these apparently healthy “immunized” rabbits 
were given intravenously a dose of the staphylococcus which was never 
fatal for the controls, they died within 24 hours, and the staphylococcus 
injected could be recovered from the heart blood. 

The control rabbits, that is, those which had received the injections 
of bouillon, increased in weight normally, showed no abscess formation, 
and resisted intravenous injections of the staphylococci. 

This experiment of Hauduroy is very interesting, for it shows that 
antiphylaxis, developed by a series of injections of a suspension of the 
bacteriophage, may be so potent that the animal may lose its natural 
immunity to a bacterium. 

Confirming this significant finding, I also have observed upon several 
occasions the marked emaciation and spontaneous death of rabbits 
as a result of a scries of injections of suspensions of the Staphylo- 
bacteriophage. At autopsy these animals presented most often, as 
in the experiments of Hauduroy, subcutaneous abscesses. On two 
occasions I have found miliary abscesses of the liver. 

Not all races of the bacteriophage possess the property of causing 
antiphylaxis, and, curiously enough, the capacity to incite this reaction 
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is related to the extent of the virulences. With a polyvirulent race I 
have found that it is sufficient to give repeated injections of the bac- 
teriophage, to see, after a variable length of time, the animals begin to 
emaciate and finally die spontaneously. With some animals death oc- 
curred after only 5 injections; with others a far greater number was 
necessary — ^in one case 17. On the contrary, in another experiment using 
a bacteriophage whose virulence was strictly limited to one strain of 
Staphylococcus alhus six rabbits withstood a series of 30 injections with- 
out showing emaciation or any other obvious disturbance. After the 
completion of this long "immunizing” course, four of the rabbits were 
inoculated with variable quantities of a culture of Staphylococcus 
aureus. Two succumbed like the controls which had received a like 
dose. There was, then, no antiphylaxis toward this strain of the 
staphylococcus which was refractory to the action of the univirulent 
bacteriophage used in the preparatory injections. The remaining two 
of the original 6 “immunized” rabbits received w'eekly injections of 
a suspension of the multivirulent Rtaphylo-bacteriophage. After the 
fifth and sixth injections a develoinng emaciation became obvious, 
and without any further treatment the rabbits died, one on the twelfth, 
the other on the sixteenth day after the last injection. 

One might conclude that as regards the staphylococcus, antiphylaxis 
is a function of the virulence range of the race of bacteriophage in- 
jected. 

niis phenomenon of antiphylaxis is of very great interest from the 
immunological point of view, for it is entirely pos.sible that under cer- 
tain circumstances it may occur naturally. It represents the first 
example of a contra-immunity, in the true sense of the word, either 
active or passive. 

As a matter of fact it is very difficult to formulate an explanatory 
hypothesis as to the nature of this singular phenomenon, for almost 
any idea advanced leads to rather strange deductions. If it were 
only a bacterial antiphylaxis, that is, a sensitization to the bacterium, 
the many facts which will appear in the following pages would permit 
us to understand it. But it is a toxin antiphylaxis. How is this to be 
explained? 

If we should find that the scrum of an animal showed an anti-anti- 
toxic property it would unquestionably be because we had injected 
an antitoxin. Following out this line of reasoning it must be that 
a suspension of the Shiga-bacteriophage contains an antitoxin for the 
Shiga bacillus. Whence is this antitoxin derived? If it exists in the 
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Shigarbacteriophagc suspension, when, as we know it did not exist 
in the Shiga culture, it must be that its presence is associated with the. 
bacteriophage protobe, suggesting that the latter in some way possesses 
the power of transforming the toxin of the Shiga bacillus into a sub- 
stance possessing at least some of the properties of an antitoxin. 

The reader will do well not to hastily assert the utter impossibility 
of this before he has read what is to be said with reference to bacillary 
dysentery in the remainder of this text. I may say here that the 
following facts seem to favor this hypothesis. 

I have found®-^ that a suspension of the Shiga-rbacteriophage is, im- 
mediately after bacteriophagy, as toxic (sometimes even more toxic) 
as a normal culture of Shiga bacilli of the same strain as that which 
was dissolved. As the bacteriophage suspension ages, this toxicity 
diminishes, and after about a month with some strains it is almost 
zei-o, with others very greatly reduced. On the other hand we know 
that the dysentery toxin is very resistant. If the toxin is destroyed 
in the presence of the bacteriophage it can only be through the action 
of the latter. Furthermore, under certain circumstances, suspensions 
which have become atoxic protect the rabbit against a fatal dose of 
toxin. 

I have observed that antibacteriophagic sera show a higher anti- 
phylactic value when the animals have been “immunized” with old 
bacteriophage suspensions,— those which have become atoxic. The 
serum of a rabbit which has received injections of fresh, toxic, suspen- 
sions possesses a less marked antiphylactic property than does that 
of another rabbit, prepared by the same number of injections of the 
same suspension when it is 20 to 30 days old. 

All of this seems to indicate that there must be in the bacteriophage 
suspensions antitoxic principles elaborated througli the action of the 
bacteriophage protobes. 

11. THE OPSONIC ACTION OF BACTERIOPHAGE SUSPENSIONS 

In concluding this discussion of the antigenic nature of the bacterio- 
phage I will present the results of the experiments performed with 
Eliava on the question of the opsonic action manifested by suspensions 
of the bacteriophage.’*! 

In the following experiments the opsonic power has been deter- 
mined by the method of Wright and Douglas, making a mixture of 
one part of the fluid of which the opsonic action is to be measured, one 
part of a suspension of leucocytes, and one part of a suspension of the 
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bacteria against which the opsonic effect is to be determined. The 
mixture is aspirated in a capillary pipette w’hich is sealed and placed 
in the water-bath at 38®C. for fifteen minutes. The contents of the 
pipette are then spread on a slide, stained, and examined. 

As reagents we have taken: Guinea pig leucocytes, a Shiga-bacterio- 
phage suspension, and a suspension of Shiga bacilli. 

1. Control. 

Leucocytes, bacilli, ordinary bouillon 
100 leucocytes phagocytize 36 bacilli 

Opsonic index = 1 

2. Leucocytes, bacilli, bacteriophage suspension two years old” 

100 leucocytes phagocytize 692 baciUi 

Opsonic index = 19.2 

3. The same mixture, except the bacteriophage suspension is diluted 

1:2.50 

100 leucocytes phagocytize 156 bacilli 

Opsonic index = 4.3 

4. Leucocytes, bacilli, bacteriophage suspension six days old 
100 leucocytes phagocytize 1510 bacilli 

Opsonic index = 41.9 

5. The same mixture, except the bacteriophage suspension is diluted 

1:250 

100 leucocytes phagocytize 146 bacilli 

Opsonic index = 4.1 

6. 'rhe same mixture, except the bacteriophage suspension is heated at 

60°C’. for 30 minutes 
100 leucocytes phagocytize 728 bacilli 

Opsonic index = 20.2 

7. The same mixture, except the bacterl^pfiage suspension is heated 

and diluted to 1:2.50 
100 leucocytes phagocytize 101 bacilli 

Opsonic index = 2.7 

In the mixtures 2, 4, and 6, the indices recorded represent a mini- 
mum. Many leucocytes contain so many phagocytized bacilli that 
counting is impossible. Since in the above counts only those cells 
which did not contain masses of bacteria have been included, the actual 
index is therefore somewhat higher.* 

• It will be recognized that the opsonic indices obtained with sera are far below 
these secured with the bacteriophage suspensions. With the former an index of 
2 is exceptional. 
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The opsonic action of a bacteriophage suspension manifests itself 
with such raiiidity that it is improbable that the opsonic power can 
be exercised directly by the protobes. We have seen, in fact, that the . 
bacteria are parasitized only after an appreciable lapse of time, — 
ten to twenty minutes. 

An experiment conducted with the following reagents indicates the 
course of the reaction. Leucocyte suspension, Shiga suspension, and 
Shiga-bacteriopliage suspension are mixed in equal parts. After various 
periods of incubation drops of the mixture are examined showing results 
as given in table 53. 

After ten minutes some of the leucocytes are so completely filled with 
bacilli that counting is impossible. The figure given is a minimum 
based only on leucocytes in which masses of bacteria were not present 
to interfere with enumeration. 


TABI.E 53 


TIME INTEUVALS 

NUMBER OP 
BACILLI IN JOO 
LEUCOeVTEd 

INDEX 

Immediately after mixing 


6.4 

After minutes 



After 5 minutes 


10.3 

After 7} minutes 

440 

12.2 

After 10 minutes 

824 



The opsonic power inust bo exerted, not by the bacteriophage pro- 
tobes themselves, but by some principle which originated during the 
course of the bacteriophagic process. With the facts now available 
it is impossible to speak with any degree of assurance as to what the 
nature of this principle may be.* 

It will be recalled that in an earlier chapter it was stated that by 
the addition of alcohol to a bacteriophage suspension a precipitate 
formed, which, in one way or another, involved the bacteriophage 
protobes. It is of interest to ascertain whether the material thrown 
down in such a precipitated suspension exerts any opsonic action. 
The following experiment indicates that the active principle appears, 
in part at least, in this precifjitate. 

Two milligrams of the alcoholic precipitate of a Shiga-bacteriophage 

• I first advanced the hypothesis’** that this principle must be the “lysin” 
secreted by the bacteriophage protobe. This is indeed possible, but as yet, as 
I have already said, this can not be proved. 






BACTERIOPHAGE AS AN ANTIGEN 


411 


suspension, still moist, are dissolved in 10 cc. of physiological saline. 
A mixture is made containing this solution, a suspension of Shiga 
bacilli, and a leucocytic suspension in equal parts. The mixture is 
held at a temperature of 38°C. Microscopic examination of stained 
preparations, made after 15 minutes, shows that 100 leucocytes have 
taken up 636 bacilli (this count is a minimum, since some of the leuco- 
cytes had taken up so many bacilli that they could not be counted). 
The index is 14.9. 

It is interesting to determine whether the active principle, causing 
such a marked stimulation in opsonic action, is also operative upon 
bacteria which have developed an acquired resistance to bacteriophagy. 
The following experiments bear on this point. 

Mix equal parts of a suspension of Shiga bacilli resistant to the 
action of the bacteriophage, a Shiga-bacteriophage suspension two 
years old, and a suspension of leucocytes. After fifteen minutes, 100 
leucocytes have ingested 8 bacteria. The index is thus 0.22, or 90 times 
less than wdth normal l)acilli. 

Prepare a similar mixture, but with a bacteriophage suspension 
six days old. Here, 100 leucocytes have phagocytized 13 bacilli. 
The index is 0.38, or 108 times less than with normal bacilli. 

Another mixture is made, using the solution of the alcoholic pre- 
cipitate. 100 leucocytes have phagocytized 19 bacilli. The index is 
0.53, or, 28 times less than with normal bacilli. 

P>om this it is clear that l)acteria which resist the bacteriophage 
also resist i)hagocytosis. 

The same experiment has been performed with a rac*e of the Barbone- 
bacteriophage and the ba<'.tcrium of barbone. j'he results were com- 
parable, as follows: 

(A) ]. Control. Mixture of equal parts of leucocyte suspension, 
bouillon, and suspension of the bacterium of barbone. 

After fifteen minutes at 38^C. there are no bacteria in 100 leucocytes. 

2. Mixture of equal parts of leucocyte suspension, the suspension of 
the bacterium of barbone, and a Barbone-bacteriophage, 8 months old. 

After fifteen minutes 100 leucocytes have ingested 109 bacteria. 

3. The same mixture, except tliat the bacteriophage suspension is 
diluted 1:250. 

One hundred leucocytes have phagocytized 52 bacteria. 

4. Mixture of one-third leucocyte suspension, one-third bacterial sus- 
pension, and one-third solution of the al cohol preci pitate of a recent suspen- 
sion of the Barbone-bacteriophage (2 mgm . of precipitate i u 10 cc.of saline) . 

One hundred leucocytes have phagocytized 239 bacteria. 
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(B) A mixture is made of equal parts of leucocyte suspension, cul- 
ture of the bacterium of barbone, and a fresh (four days old) suspension 
of the Barbonc-bacteriophage. During incubajtion at 38“C. drops 
taken for examination show: 

Immediately, in 100 leueocytes there are 30 bacteria. 

After two and one-half minutes in 100 leucocytes there are 139 
bacteria. 

After five minutes, in 100 leucocytes there are 201 bacteria. 

After seven and one-half minutes, in 100 leucocytes there are 271 
bacteria. 

After ten minutes, in 100 leucocytes there are 269 bacteria. 

In the control mixture, made with bouillon, no bacteria were phago- 
cytijsed. 

Here it is impossible to calculate the opsonic indices, since no phago- 
cytosis occurred in the control mixture. The indices are infinity. 

As was the case with the dysentery bacillus, the bacterium of barbone 
which resists the action of the bacteriophage is also resistant to phago- 
cytosis. 

Prepare a mixture of one-third leucocytic suspension, one-third of 
the same suspension of Barbone-baeteriophage as that used in the pre- 
ceding experiment, and one-third of a suspension of the bacterium of 
barbone resistant to dissolution. After fifteen minutes at 37° C. 100 
leucocytes have ingested 3 bacteria, that is to say, 90 times less than 
with nonnal bacteria. 

The race of Bhiga-bacteriophage employed in the experiments 
previously described manifests a definite, although feeble, virulence 
for B. tij'phoms. 'I'hc following experiments show that it also exerts 
a definite opsonic action on this bacillus. 

1. Mix equal parts of bouillon, leucocyte suspension, and B. typhosus 
suspension. 

After fifteen minutes at 38°C. 100 leucocytes have phagocytized 68 
bacilli. The opsonic index is 1. 

2. Mix e(iu.al parts of Shiga-bacteriophage suspension, leucocyte 
suspension, and typhoid suspension. 

After fifteen minutes 100 leucocytes have ingested 203 bacilli. Op- 
sonic index = 3. 

3. Mix cfiual parts of leucocyte suspension, typhoid suspension and 
the solution of the alcoholic precipitate (the same one as that employed 
in the experiments with the dy.sentery bacillus). 
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After fifteen minutes 100 leucocytes have ingested 109 bacilli. Op- 
sonic index = 1.6. 

Considering the data presented in the above experiments, there 
can be no question but what some factor present in a bacteriophage 
suspension exerts a very definite effect upon opsonization with the 
homologous, bacteriophage-susceptible, bacteria. 

But these principles, formed during the process of bacteriophagy, 
possess still another property. For when used as antibody in the com- 
plement fixation reaction it functions as an amboceptor. The experi- 
ment cited below is taken from among many others which gave identical 
results. 

Antigen: This is prepared according to the method of Maurice 
Nicolle. One loopful of an agar culture of B. dysenteriae Shiga is 
suspended in 4 cc. of saline. This suspension, heated at 100°C. for 
five minutes, then cooled, serves as antigen. 


TABLE 54 


TUBS 

AKrtCI- 

QEN 

ANTI- 

BODY 

COMPLE- 

MENT 

8AL1NE 


UEMO> 

LYTIC 

SYSTEM 

BS8ULT ' 


fC, 

CC. 

CC. 

CC. 


CC. 


1 

0.5 

0,2 

0.2 

1.0 

^ G 

1 

++ 

2 

0.5 

0.4 

0.2 

1.4 

•+* o 

1 

++ 

3 

0.5 

0,5 

0.2 

1,3 

.9 .2 y 

1 

*f + + 

4 

0.5 

O.G ' 

0.2 

1.2 

-ft 

03 CO 

1 

+4-+ 

f) 

0.5 

— 

0.2 1 

1.8 

O .(J 

•n ci 

1 

Complete hemolysis 

6 

— 

0.0 

0.2 

1.7 

o ^ 

1 

Complete hemolysis, rapid 

7 

— 

— 

0.2 

2.3 

s ® 

1 

Complete hemolysis 

8 

- 


— 

2.5 

Cl 

1 

f + + + 


, Anliiody: An alcohol precipitate of a Shiga-bacteriophage suspension 
is taken into solution in a quantity of saline equal to the original volume 
of the suspension. This serves as antibody. 

The complement is fresh guinea pig serum, titrated. 

The hemolytic eyntefn is the usual anti-sheep system. (See table 54.) 

That there is something in the bacteriophage suspension which 
modifies the complement fixation reaction is obvious. Certainly the 
principles present in the solution used as antibody do not of themselves 
fix complement, as is evident from the results obtained with tube 6, 
where it is clear that hemolysis is stimulated. 

With the very fragmentary knowledge which we now have, it is 
hardly possible to draw any conclusions from this experiment. 
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But however that may be, insofar as opsonic activity is concerned, 
whatever may be the agent which is operative, it is ceftain that during 
the course of bacteriophagy some product is formed which possesses a 
very considerable opsonic action. 

r6sum:6 

Although the normal habitat of the bacteriophage is the intestinal 
tract, it is able to pass into the circulation, and thence into the tis- 
sues (d'llcrelle*^®'’^*). 

The presence of the bacteriophage within the tissues does not cause 
any detectable disturbance (d’llcrcllc®^^- 

Bacteriophage corpuscles introduced into the body by a parenteral 
route behave like the spores of saproph3diic bacteria. They are elim- 
inated quickly from the circulation, and are to be found l^t in the 
spleen (Appclmans“). 

The repeated injection of an animal with suspensions of the bacterio- 
phage causes the appearance in the scrum of an antibacteriophagic 
property (Bordet and Ciuca***). 

The intensity of the antigenic properties of different races of the 
bacteriophage is highly variable (Otto, Munter and Winkler*®*). 

Within a single bacteriophage suspension the sensitivity to the 
inhibiting action of an antibacteriophagic scrum varies greatly from 
one corpuscle to another (Prausnitz***). 

Different races of the bacteriophage behave very differently toward 
an antibacteriophagic scrum (Otto, Munter and Winkler*®*). 

An antibacteriophagic senna does not destroy the bacteriophage 
corpuscles; the effect is an inhibition oi their action (dTIcrclle and 
Eliava®*®). 

The inhibition of bacteriophagic action by an antiserum has no 
points of rcscmljlance to a neutralization of a toxin by the homologous 
antitoxin. The inhibitorj- effect is not that of a sensitizer (d’Horclle®**). 

The nature of the reaction of an antibacteriophagic scinm upon the 
bacteriophage is not distinctive; this type of reaction is common to 
all anti-protobian sera. T’hc injection of a protobe (ultravirus) of 
any kind into an animal leads to the appearance of a specific “anti- 
viruHn” in the serum (d’Herellc®'*®). 

Antibacterial sera exert an inhibitory action upon bacteriophagy 
(Bail*®). This inhibitory action Ls entirely different from the inhibi- 
tory action of an antibacteriophagic serum on the protobe itself. The 
antibacterial sermn does not modify the bacteriophage (Hauduroy®*®). 
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The repeated iujhc'tion 'of an animal with a bacteriophage suspension, 
instead of inunuhizing the animal, may sensitize it, inducing the anti- 
lAylactic state (d’Herelle*“). 

This state of antiphylaxis may be sufficiently pronounced to cause 
the animal to lose its naturally refractory condition for a given bacterium 
(Hauduroy?**). ' 

Suspensions of the bacteriophage possess a powerful opsonic action 
(d’Herelle and Eliava“^). 



CHAPTER II 

'J'tie Ubiquity of the Bacteriophage 
1. THE bacteriophage IN THE INTESTINAL TRACT 

Throughout the remainder of this text the subjects under discussion 
will involve, directly or indirectly, the question of the multiple viru- 
lences which a race of the bacteriophage may show in the intestine. 
But before presenting this material I must first reply to an objection 
which has been raised by several authors, wherein they question whether 
the activity which a filtrate of the stool manifests against different 
bacterial species is due to the presence of one bacteriophage endowed 
wicu muatpie virule7icesy or whether it is a natural result of the simulr 
taneous presence of several races of the bacteriophage. 

Anticipating somewhat the facts which are to be presented, we may 
say at once that different races of the bacteriophage exist, and are found, 
frequently, in any material which may hav© been, at any time, con- 
taminated by the excreta of any animal whatever. For example, 
drinking water, among other things, commonly contains the bacte- 
riophage. This being the case, the ingestion of different races of the 
bacteriophage must be a constant occuKrence, both by man and by 
animals. One would think, a jjriori, that a specimen of excreta should, 
therefore, contain bacteriophages belonging to different races. But as a 
matter of fact, the cxpei iments to be detailed in the following chapters 
show that this is not the case, and that it is rare to find in the filtrate of a 
stool from a given individual, not many races, but even two. 

How can we explain this finding which seems to be in conflict with 
the fact that wc daily ingest different races? 

Experiment shows that within the intestinal tract of each individual 
there is, as a rule, one race of the bacteriophage living in a symbiotic 
relationship with the li. coll ])resent in the intestine of this individual. 
Thus, of two possibilities, one must occur; either the different races 
ingested are not able to adapt themselves to the bactcriophagy of the 
B. coli strain there present, with the result that they are quickly elim- 
inated, or, the behavior of the bacteriophage is not the same in vivo as 
in viirOy and that in the intestine the different races quickly lose their 
particular distinctive characters and become uniform. It is difficult to 
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choose between these two hypotheses, for we have no direct proof of 
either one, but the following experiment seems to favor the first of them, 
although, as will appear, it by no means eliminates the second. 

I have a race of the bacteriophage, K (isolated from the feces of a 
cholera convalescent) , which is very virulent for strain C of B. coli (isolated 
from a case of cystitis) and for the dysentery organisms, Shiga, Flexner, 
and Hiss. During the course of some studies made on a perfectly normal 
individual I found that the stools contained a bacteriophage virulent 
for strain V of B. coli (an old stock culture strain). I had this individual 
ingest 2 cc. of a suspension of bacteriophage K, and 36 hours later I 
found that both races of the bacteriophage were present in his stools, — 
the race belonging to the individual himself, and race K. Specimens 
collected 2, 3, and 4 days after the ingestion showed the same thing. 
Those of the 5th, 6th, and 7th days showed only the race which 
%vas present in the intestine before the ingestion. Race K had dis- 
appeared. 

Similarly, we will see that when there exists in the intestine a culture 
of a bacterium susceptible to the race of bacteriophage which is ingested, 
the latter develops at the expense of these bacteria, but that it dis- 
appears very soon after the bactcriophagy in vivo is completed. 

^\^lether the ingested bacteriophage corpuscles quickly lose their 
characters in vivo, a change which does not occur in in vitro experiments 
and which the observations made on the in vivo process renders im- 
probable, or whether they are very quickly eliminated, the fact remains 
that all of the bacteriophage corpuscles to be found in a filtrate from the 
stool, either normal or pathological, belong to but a single race. 

The following fact, clearly demonstrated by Torniiselli^®® is of interest 
in this connection. He showed that within the intestine of a given 
individual a. special race, always the Same, persists. From an individual 
who has had typhoid fever, even though the disease occurred several 
years previously, he found that he could repeatedly recover from the 
feces a race of the bacteriophage showing a virulence for B. typhosus, 
a virulence which is but rarely demonstrated in the bacteriophage of 
those who do not have the disease. This indicates a persistence, through- 
out several years, of a single race, and this is hardly compatible with the 
hypothesis that in vivo the races of the bacteriophage daily ingested 
become uniform. 

The facts suggest, therefore, that in the intestine of each living being 
there is a race of the bacteriophage possessing special characters, a race 
which is in a sense peculiar to the individual inasmuch as it possesses 
its own different and variable viiulcnces. 
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One of the most important points to be considered in the discussion 
of the material which is to make up the remainder of this text, is that 
we must differentiate between the degree which the diverse virulences 
may attain by adaptation in vitro, and the degree of virulence possessed 
by a bacteriophage in the intestine at the time of observation. For our 
present purposes the latter is the more significant and in what follows,, 
when we refer to a bacteriophage as having a given degree of virulence 
this will refer to the degree of virulence which the bacteriophage has, 
or had, at the time of isolation from the stool, or other product. 

The notation adopted for recording the degree of virulence is the 
simplified scheme which has been described in the section dealing with 
“The Appreciation of Virulence.” It will be remembered that, ac- 
cording to this scheme, 

0 = no virulence 
+ = weak virulence 
-f- + = moderate virulence 

= strong virulence iv 

+ b + + = maximum virulence 

When the virulence is spoken of as “weak,” “moderate,” etc., the 
meaning is that which has been given to these terms in the section 
referred to. 

2. THE BACTBUIOPnAGE IN HEALTHY MAN 

In order to demonstrate that the intestinal tract of the normal healthy 
man contains a bacteriojdiage I have made systematic examinations 
on a person in a perfect state of health.*’" Throughout a year I collected 
a specimen of stool every two weeks, and the virulence of the bacterio- 
phage found upon each occasion was tested against strains of the follow- 
ing bacterial species: B. coU, B. dysenteriae Shiga, B. dysenteriae 
Flexner, B. dyKenterine Hhs, B. typhosus, B. paratyphosus A, and B. 
paratyphosus B. Later, where indicated, the tests were extended to other 
bacterial species of particular interest. 

With the first examinations a weak activity (+), especially for B. coli, 
was not detected or remained doubtful, but when the tests were repeated 
after several months, with the same filtrates which had been held during 
the interval in sealed ampoules, using a more satisfactory technic, the 
bacteriophage was clearly demonstrated. As will be seen upon examin- 
ing the table where the results are recorded, some of the examinations 
remained negative; the bacteriophage appeared to bo absent. Would 
i it tove been the same if it had been possible to test the filtrate against 
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all of the bacteria which may be found in the intestine? An answer 
to this question was sought. A specimen taken on July 1st was inactive 
toward the eight species of bacteria routinely employee!, and it was tested 
against a different scries of bacteria, selected at random’. The filtrate 
showed a high activity for an organism of the Salmonella (hog cholera) 
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I>ATB 

VIRULENCa OF Tlf B INTBSTIJJAL BACTBBIOPnAQB FOB 

B. coli 

B. dynenieriae 

BacilLuB 

other organieniB 

Shiga 

g 

<o 
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Typhosus 
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Para B 

January 15 

0 

0 

0 

0 

0 

0 

0 


February 1 

+ 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 


March 1 

0 

0 

0 

0 

0 

0 
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+ 

0 

0 

0 

0 

0 
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+ 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 
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+ 

0 

0 

0 

0 

0 

++ 
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+ 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 
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4- 

0 
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0 

0 
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0 

0 

0 

0 

0 

0 

0 
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4 4-4- 

0 

0 

0 

0 

0 

0 


September 15 

+ 

+++ 

0 

0 

0 

0 

0 


October 1 

+ 

0 

0 

0 

0 

0 

++4' 


October 15 

+ 

+++ 

4-4- 

0 

0 

0 

0 


Novcmljcr 1 

+ 

0 

0 

0 

0 

0 

0 


November i5 

4- 

0 

0 

0 

0 


0 


December 1 

0 

0 

0 

0 

0 

I 0 

0 

B. enteritidis ++ 

December 15 

f 

0 

0 

0 

0 

0 

0 



group. When the same experimental tests were repeated on December 
1st this filtrate was active for B, enUrltidis, 

The results of all of these tests are given in table 55. 

From these determinations I reached the conclusion that in those 
cases where the bacteriophage can not be demonstrated the failure is 
due solely to the fact that the method employed is defective. This de- 
fect in the method is due primarily to the fact that B. coUiiB 
geneous species, hence the inactivity of a filtrate for a 
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organism means rather that the strain is not susceptible, and not that ‘ 
the bacteriophage is absent. And from this and other studies 
I have concluded that the bacteriophage is constantly present in the 
intestinal tract of all normal men, where it grows at the ejcpense of IL: 
coli and perhaps of other banal bacteria found there. I 

These conclusions have been subjected to attack by several authorjfj 
and even by some of those who have found the bacteriophage in normal 
men, their argument being that the condition is not habitual. 

Recently I have carried out some more of these studies, following a 
a different and more rational method. In its essentials this method in- 
volved the following procedures, all carried out with the same speci- 
men of fecal material. 

First, a filtrate is prepared, according to the usual technic, which has 
been described. 

Second, the bacteria of the stool are isolated on Endo medium. 
After incubation, it is found that the reddish colonies of R. coli assume 
three different forms, 

(a) those perfectly circular, with a rounded surface; 

(b) those perfectly circular, umbilicated; 

(c) those which arc irregular and flat. These last arc, in general, 
mixed colonics. 

Twelve of the circular colonics are removed and transferred to tubes 
of bouillon. At the same time, if any colorless colonies are present 
on the plates, thn»c or four of these are also transferred to bouillon tubes. 
To each of these implanted tubes 3 drops of filtrate are added, and the 
tubes arc incubated at 28 to 3()°C. 

^ After incubation for 24 hours each tube is examined for the presence 
of the bactcrioi)hagc, by spreading the culture on agar, and, if neces- 
sary, by making two or three passages, always at the expense of the 
B. coli derived from the colony which was used to seed the first tube. 

During a period of three months, at irregular intervals, I secured 17 
specimens of the feces of a normal person.* 

In each of the 17 specimens the bacteriophage protobe was present. 
But the proportion of susceptible colonics of B. coli found on the plates 
varied from one examination to another. In this respect, the results 
were: 

In 1 specimen, 5 of the 12 colonies were susceptible; 

* The same person who had provided the specimens which gave the results 
incorporated in table 55. As a matter of fact, he is the author of these lines. 
When these specimens were examined he was living at Alexandria, as were the 6 
individuals mentioned in a later paragraph. 
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lA 3 specimens, 4 of the 12 colonies from each were susceptible; 

In 7 specimens, 3 of the 12 colonies from each were susceptible; 

In 4 specimens, 2 of the 12 colonies from each were susceptible; 

. In 2 specimens, none of the 12 colonies in either one was susceptible. 
In the last two cases, — ^those where all of the organisms proved to be 
resistant, — I subjected the 12 colonies in each case to a series of trans- 
fers in an acid medium, the acidity being at the limit for growth of the 
organism at 41 °C., and between each two passages I isolated colonies 
on a 1 per cent glucose agar, according to the method of Roux, described 
above. .The sequence of cultures was, therefore, alternately, growth 
in an acid medium, isolation on agar, growth in an acid medium, isola- 
tion on agar, etc. At the 5th, 10th, 15th, 20th, and 25th isolations I 
determined whether any of the colom’es had lost their resistance, 
whether they had become susceptible to the bacteriophage contained 
in the filtrate made from the same specimen from which the 12 original 
colonies had been isolated . With the two filtrates the results were : 

Filtrate 1. 

At the 5th passage, none of the colonies had become susceptible; 

At the 10th passage, 1 of the colonies had become susceptible; 

At the I5th passage, 1 of the colonies was still susceptible; 

At the 20th passage, 4 of the colonics had become susceptible; 

At the 25th passage, 5 of the colonies had become susceptible. 

Filtrate 2. 

At the 5th passage, 1 of the colonies had become susceptible; 

At the 10th passage, 1 colony was still susceptible; 

At the 15th passage, 1 colony was still susceptible ; 

At the 20th passage, 0 of the colonies had become susceptible; 

At the 25th passage, 7 of the colonies had become susceptible. 

It is very probable that had the passages been continued other 
colonies would have become susceptible, but this is of no consequence 
for the matter with which we are at pre^i'iit concerned. 

In the course of these 17 examinations I also isolated certain colonies 
which were colorless on Endo, — 14 in all, wdiich upon microscopic ex- 
amination proved to be bacilli. Of the 14, G proved to be B, fecalis 
alkaligenesy for they failed to ferment glucose. The identity of the others 
was not determined . Of the 1 1 colonies 13 were susceptible to the action 
of the bacteriophage present in the filtrate of the specimen which yielded 
the colony. 

I have procured specimens from 6 other normal persons, and the 
examinations were carried out in the same manner. Of the 12 colonies 
isolated in each case from the specimen which furnished the filtrate; 
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In 2 cases, 4 of the 12 colonies were susceptible; 

In 1 case, 2 of the 12 colonies were susceptible; 

In 2 cases, 1 of the 12 colonies was susceptible; 

In 1 case none of the colonies was susceptible. 

In this last case I carried out a series of purifications, as in the ;; 
negative instances reported above, and at the 10th passage 1 of tfe - 
12 colonies was found to be susceptible.* 

My first experiments upon the subject had shown that “the bacterio- 
phage exists in the intestine, where it lives normally at the expense of 
the B. The experiments which I have made since have verified 

this observation and permit me to affirm that the bacteriophage protobe 
is always, in every individual, a normal inhabitant of the intestinal 
tract, where it persists because of a symbiosis with the colon bacillus. 
But in order to demonstrate its constant presence it is not sufficient 
to combine any stool filtrate whatever with any strain of B. coli what- 
ever. It is essential to adopt an adequate method, such as that which 
has be^ described. 

Many authors have confii-med this observation that the bacterio- 
phage is present in the intestinal contents of normal man. Dumas^**^ 
found the bacteriophage present in 5 of 8 healthy persons which he 
examined. Debre and Haguenau^^*'" also found it in some individuals 
who had no intestinal disturbance, as did Beckerich and Hauduroy®^ 
and da Costa Cruz.^®^ This last author examined the same healthy 
person at 5 different times and on 3 occasions he found a bacteriophage. 

These different authors did not demonstrate the bacteriophage 
solely because of its virulence for B. coli, but because at the time of 
examination the virulence of the bacteriophage in the individual ex- 
amined extended to a dyscnteiy or a paratyphoid bacillus. This occurs 
very frequently, as I reported in some of my earlier studies.®^^* 

Tomasellr ®® procured specimens of the stools of 10 normal persons, 
and from his determinations, he reported the following virulences; 

In 3 persons: 

B, dysenteriae Shiga + + -[- 
B. typhosus (2 of 4 strains tested) + 

B. paratyphosus B (4 of 4 strains tested) + 

In 1 person: 

B. dysentcriae Shiga + 

B. typhosus (1 of 4 strains tested) + 

B. paratyphosus B (3 of 4 strains tested) + + + 

♦ The purifications were not continued, since what I wished to show had been 
demonstrated at this point. 
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In 1 person:' 

B, dysenterideJShiga + + 

B. typhosus (3- of 4 strains tested) ++ 

Ini person: 

B. dyseni&riae Shiga 

uV B. paratyphosus A (4 of 4 strains tested) + 

In 4 persons: 

B. dysmteriae Shiga + + 

It is needless to introduce more data bearing on this point. That 
the bacteriophage may be present in the normal intestinal tract is viiv 
tually accepted by everyone, but a great many seem to think that its 
presence there is accidental. Such an opinion can be based only upon 
investigations carried out by an inadequate technic. I repeat: in every 
intestine there is a race of the bacteriophage protobe maintaining itself 
there because of a symbiosis with B. coli.* 

One question comes immediately to mind; When does this intestinal 
bacteriophage arrive? Does it exist in the fetus, or is it implanted after 
birth? And if the latter is true, when? 

We know that the intestinal contents of the fetus are sterile, the 
normal meconium is free of organisms at the time of birth. This phase 
of sterility is promptly followed by a phase of increasing contamination, 
which begins, within the fimt few hours after birth, as a result of the first 
deglutitive movements which carry a varied flora into the digestive 
tract of the infant. At first there is a predominance of Staphylococcus 
albus and of B. coli, with some of the anaerobes, and the body reacts by 
a desquamation of the epithelium of the digestive tube. 

At about the fourth day for the breast-fed infant, somewhat later and 
in an incomplete manner for those fed artificially, the flora is trans- 
formed. The anaerobes, .71. bifidus in particular, replace the earlier 
flora. With the breast-fed infant the bacterial content is almost en- 
tirely made up of B. bifidus. 

In connection with his thesis, Vfidrerme®^® made a study of the bac- 
teriophage in infancy. He was unable to demonstrate the presence of a 
bacteriophage virulent for B. coli, B. dysmteriae Hiss, Staphylococcus 

• Upon several occasions I have remarked that the symbiosis is always due 
to a parasitism of the one or the other of the two antagonists. All s3mtbio8es 
which occur nattirally are comparable to that which exists between a leper and the 
bacillus of Hansen. The old concept of an association between two organisms 
for the purpose of a common benefit is false and is never observed in nature, as 
has been shown by No6l Bernard. 
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albus, or B. proteus, either in the mecpnium or in the stools of. infants 
up to the 4th day. 

Surdnyi and Kramdr‘“ have made some systematic studies of the 
same nature. They uniformly failed to find the bacteriophage in the 
meconium, and in no case could one be demonstrated in the stodifl '^. 
the infant before the 4th day. It may be added that in the course of mjK ‘ 
studies I have had occasion to examine 4 infants, aged, respectivdy, 
7, 9, 10, and 12 days. In each of these cases I found a bacteriophage- 
B. coli symbiosis. 

One might conclude from these studies that the bacteriophage makes 
its appearance in the intestine of man between the 4th and the 7th days 
after birth. It is probable that its appearance coincides with the inges- 
tion of a colon bacillus infected with a bacteriophage protobe. 

3. THE BACTERIOPHAGE IN ANIMALS 

It is much easier to prove that the bacteriophage is normally present 
in the intestinal tract of animals than in man, for in domestic animals 
certainly, the virulence is rarely limited to B. coli, but extends to the 
dysentery strains and to the paratyphoid bacilli (d’Herelle,®“'®*“). 

This difference in the nature of the virulences of the intestinal bac- 
teriophage in man and in the animals can hardly be explained except 
in a single way, — because of their mode of life the animals arc much 
more exposed to the frequent ingestion of different bacilli. In animals 
the bacteriophage is found constantly, therefore, in the presence of 
varied species of bacteria, and against these it builds up its faculty of 
virulence. 

This hypothesis receives support fnmx the fact that although the 
intestinal bacteriophage of animals which live an unconfined life almost 
always manifests multiple virulences, with laboratory animals, re- 
stricted to their own cages and under conditions more closely approach- 
ing those of human beings, the virulence is often restricted to the in- 
testinal colon strain. 

We will see later that in a group of persons exposed to the possible 
ingestion of a i)athogenic bacillus, we find that in all of them the in- 
testinal bacteriophage manifests a virulence for the bacillus in question. 

Confirming this observation, the following tables will show us that 
in animals which find themselves in an environment contaminated by a 
bacterium, even though the organism is not pathogenic for the animal 
in question, we find that the intestinal bacteriophage acquires a viru- 
lence for this bacterium, while in all of the animals of the same species 
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living in regions where this bacteyiUp is lacking, a corresponding viru- 
lence of the intestinal bacteriopluif^ can never be detected. 

All of these facts show that if the intestinal bacteriophage of domestic 
animals manifests, with very few exceptions, a virulence for the dysen- 
tety bacilli and for the paratyphoid organisms, it is simply because these 
jbacteria must be extremely abundant in the environment and that 


TABLE 56 


UOB8E 

B. COU 

B. DYSENTBRIAB 

BACILLUS 

B. OALU- 
NARUH 

Shiga 

Flexner 

Hiss 



ParaB 

1 

+ + 

++++ 

++ 

4-4- 

0 

0 

0 

— 

2 

+ 

+ 

+ 

0 

0 

0 . 

0 

— 

3 

+ 

++ 

0 

0 

4-4- 

4- 

4- 

— 

4 

+ + 

++ 

+ 

4- 

0 . 

4- 

4-4- 

0 

5 

++ 

+++ 

+++ 

4-4-4- 

0 

0 

0 

0 

6 

+ 

0 

+++ 

4-4-4- 

0 

0 

0 

0 

7 

++ 

++++ 

++++ 

4-4- 

0 

0 

0 


8 


+ 

++++ 

4- 4- 4- 4- 

0 

0 

0 

— 

9 

1 + + 

++++ 


4* + 

0 

0 

0 

— 

10 

-f + 

0 

++ 

4-4- 

0 

0 

4- 

— 

11 

+ 

0 

+ 

4-4- 

0 

0 

0 

0 

12 

++ 

+ + + 

+ 

4-4- 

0 

0 

4- 

0 

13 

++ 


++ 

4- 

4- 

0 

0 

0 

14 1 

++ 

++++ 

++ 

+ + 

0 

0 

0 

0 

15 1 

0 

++++ 

++ 

+ + + 

0 
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0 

0 

16 

.) — l- 

++++ 

H — 1 — 1 — h 

+ + + + 

+4- 

+++ 

4-4- 

++ 

17 

++ 

++ + 

++ 


4- 

++ 

0 

++ 

18 

1-++ 

++ 

+++ 

+ + + 

4-4-+ 

+++ 

4-4- 

+++ 

19 

*1 — h 

++++ 

+ 

+ 1 

0 

0 

4-4- 

0 

20 

0 

++ 

0 

0 

0 

0 

0 

0 

21 

+ 

+ 

-t- 

0 

0 

+ 

4-4- 

0 

22 

+ + 

0 

0 

0 

0 

0 

4-4- 

0 

23 

++ 

+ + + 

++ 

++ 

0 

0 

4-4- 

0 

24 

+ 

++++ 

+4 + 


++ 

0 

4- 

0 

25 

+ 

++ 

0 

0 

0 

0 

0 

0 

26 

+++ 

+++ 

4-4- 


0 

0 

4-4-4- 

0 


their ingestion by the animals is not an exceptional occurrence 
(d’HereUe”"). 

The results of some of the studies which I have made upon the dis- 
tribution of the bacteriophage among different animal species’^- *“>*** 
and the virulences which these races of the bacteriophage possess are 
presented in the following sections. 
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4. THE BACTERIOPHAGE IN THE HORSE 

Sixty-two specimens of manure derived from horses living both in 
cities and in the country, in France and in Indo-China, have been ex- 
amined and all contained an active bacteriophage. A list of the anini|i|]s 
is given, and the results of the examination are recorded in table 

The following notes, descriptive of the animals examined, shmsB: 
somewhat the diverse conditions under which these animals lived. 

No. 1. Horse No. 21 of the Pasteur Institute. This horse was used 
in the production of anti-dysentery serum. The examination was made 
three days after the injection of Shiga toxin. 

No. 2. Horse No. 21 (above), tested ten days later. 

No. 3. Horse No. 21 (above), tested four months later, the examina- 
tion being made 48 hours after a toxin injection. 

No. 4. Horse No. 114. Used in the production of Shiga anti- 
dysentery serum. 

No. 5. Horse No. 18. Used in the production of Shiga anti-dysentery 
serum. 

No. 0. Horse No. 18 (above), tested four months later. The speci- 
men was collected 48 hours after the injection of Shiga toxin. 

No. 7. Horse No. 64. This horse had received injections of atoxic 
dysentery bacilli -Flexner and Hiss— -for two years. 

No. 8. Horse No. 05. This horse had received injections of atoxic 
dysentery bacilli -Flexner and Hiss - for two years. 

No. 9. Horse No. 08. This horse had received injections of atoxic 
dysuntorj' bacilli Flexner and Hiss— for tw'o years. 

No. 10. This horse was receiving injections of B. anthracis. 

No. 11. This horse was receiving injections of B. anthracia. 

No. 12. A carriage horse in Paris. 

No. 13. A carriage horse in Paris. 

No. 14. A carriage horse in Paris. 

No. 15. I'hc same animal as No. 14 (above) but tested four days 
later. 

No. 16. A farm horse on a farm where avian typhosis was present. 

No. 17. A farm horse on a farm where avian typhosis was present. 

No. 18. A farm horse on a farm where avian typhosis was present. 

No. 19. A race horse at Chantilly. 

No. 20. A race horse at Chantilly. 

No. 21. The same animal as No. 19 (above) but tested eight days 

later. 
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No. 2^. Tfce same animal as No. 20 (above) but tested eight days 
later. 

No. 23. A carriage horse at Saigon. 

No. 24. A carriage horse at Saigon. 

No. 25. A saddle-horse at Nha-Trang (Annam). 

^ , No. 26. A saddle-horse at Phantiet (Annam). 

There is no point in adding to this list; the thirty-six other specimens 
gave entirely comparable results. 

Incidentally, horses No. 19 and No. 20 were examined to see if the 
bacteriophage presented a virulence for various other bacteria, including 
the following organisms: 

1. A cocco-bacUlus (?) isolated from the nasal mucus of a horse, in the 
same stable, which showed the evening before an elevation of 
temperature: 

Horse No. 19 (-f-f-), horse No. 20 (-1--1-). 

2. A cocco-bacillus isolated by C4sari from the blood of a horse 
slaughtered in the abattoir of Vaugirard: 

f Horse No. 19 (-f), horse No. 20 (-|-+). 

3. Salmonella (hog*cholera) : 

Horse No. 19 (+-I-), horse No. 20 (-f-+). 

4. B. enteritiilk: Horse No. 19 (0), horse No. 20 (-f ). 

These results show that at a single time the bacteriophage may show 
a virulence for a large number of bacteria. It is significant that only in 
horses Nos. 16, 17, and 18, which lived in an environment contaminated 
by B. galUnarium, did the intestinal bacteriophage show a definite 
virulence for this bacterium. 

Examination was made of twenty-three specimens of serum, of clot 
remaining after the decantation of the senim, and of the leucocytic layer 
on top of this clot, taken from horses harboring in their intestines a 
bacteriophage active for B, dysenteriae. In no case was a bacteriophage 
found. In all instances the specimens o^ blood were collected about 
two weeks after the last injection of toxin or of bacilli. All the speci- 
mens of blood c.xamined came from horees furnishing anti-dysentery 
semm. It was therefore not determined whether the bacteriophage may 
not pass into the circulation immediately after the injection, especially 
when living bacteria are used. As a matter of fact the passage of the 
intestinal bacteriophage into the circulation has been observed in the 
rat, and in the fowl in cases of septicemia. In all cases the demonstration 
of the presence, it might be said constant presence, in the excreta of the 
horse of a bacteriophage active for the Shiga bacillus, and the absence 
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of this bacteriophage in the blood, show in an unquestionable manner 
that the intestine is the only locality where the bacteriophage normally 
grows. 

These results have received confirmation by all who have made a 
study of this type; everyone has demonstrated the habitual presence Of ^ , 
race of the bacteriophage virulent for B. dysenteriae in the intestnia|‘V 
tract of the horse. There is no particular advantage to bo gained in 
citing all of the results reported on this subject, but those of Tornaselli*^*® 
are worthy of particular mention. He followed over a period of time, 
making repeated examinations, the variations in the virulences of the 
intestinal bacteriophage in two horses, which, during the period of study 
were suJjjected to varied conditions of activity and of food. Briefly, 
his findings are as follows: 

When resting in the stable; fed upon dry hay: 

The intestinal bacteriophage showed virulences for: 

B. dysenteriae Shiga + + 

B. dysenteriae Flexner + + 

After a period of excessive labor; fed upon dry hay: 

The intestinal bacteriophage showed virulences for: 

B. dysenteriae Shiga + + + 
dysenteriae Flexner + + 4- 
B. dysenteriae Hiss + 

When resting in the stable; fed on green food: 

The intestinal bacteriophage showed virulences for: 

B, dysenteriae Shiga + + + + 

B. dysenteriae Flexner + + + + 

B, dysenteriae Hiss + + 

^ B. of Gaertner + 

B. coli + + 

After heavy labor; fed on green food: 

The intestinal bacteriophage showed virulences for: 

B, dysenteriae Shiga + + + + 

B. dysenteriae Flexner -f + + -f- 
dysenteriae Hiss + + + 

B. of Gaertner + 

B, coli + + +* 

♦ These virulences for B, coli refer to the activity for a laboratory strain of this 
bacillus. Tomaselli did not tost the races isolated upon the strains present in the 
intestinal tracts of the horses themselves. 
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5. THE BACTERIOPHAGE IN THE CHICKEN AND IN THE GOOSE 

During the course of my experiments on the application of the bac- 
teriophage to specific purposes I have made rather extensive studies of 
the activity of the intestinal bacteriophage to be found in chickens. 
The chickens examined were in different countries and were living under 
very unlike conditions as to nourishment and other environmental 
factors. The examinations made upon geese were carried out on these 
animals as found in farm-yards infected with avian typhosis, a disease 
to which the goose is refractory. 
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I have made seventy examinations of the excreta of fowls, and have 
tested the bacteriophage for virulence against the eight bacterial strains 
selected. It is needless to give all the results since they were all of the 
same nature. As examples, the results of only one or two tests in each 
lot will be given. Table 57 clearly shows the range of virulences pre- 
sented by the intestinal bacteriophage in these animals. The following 
supplementaiy notes are self-explanatory. 

Nos. 1 and 2 represent cMckcns living in France in regions free of 
avian typhosis (12 specimens examined). 

Nos. o and 4 represent healthy fowls living in regions where avian 
typhosis was present (19 other examinations carried out on the eight 
test bacteria gave comparable results, particularly as regards. B. 
gaUinarum). , . ; 
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Nos. 5 and G represent chickens which had recovered from avi&n 
typhosis (4 tests made). 

Nos. 7 and 8 represent chickens which died of avian typhosis (8 other 
tests gave similar results). The bacteriophage was present but was not 
virulent for the pathogenic bacillus. 

Nos. 9 and 10 were chickens living in Cochin-China in regions free of 
both avian typhosis and barbonc. 

Nos. 11 and 12 represent chickens living in Cochin-China in areas 
where barbone was present but free of avian typhosis (11 tests, all essen- 
tially the same). 

Nos. 13 and 14 were chickens in France living in regions where avian 
typhosis was present.* 

6. THE BACTERIOPHAGE AS FOUND IN A NUMBER OF DIFFERENT SPECIES 

Throughout the coui’se of the many experiments performed there has 
been an opportunity to study the nature of the intestinal bacteriophage 
as found in a considerable number of different animal species. That 
such a bacteriophage is to be found within the intestinal tract becomes 
obvious when we consider the very diverse species in which it has al- 
ready been disclosed. The results obtained in examining the excreta of 
some of those animals are presented in table 58. Explanation of the 
numbers appearing in the finst column follows. 

No. 1 . A monkey, confined in a cage in Paris. 

Nos. 2 and 3. Cats in Paris. 

Nos. 4 and 5. Cattle living on a farm where avian typhosis was 
present. 

Nos. 6 and 7. Cattle in France, in a region free of epizootic diseases. 

Nos. 8 and 9. Steers in Cochin-China, living in regions free of 
epizootics (42 other comparable tests). 

Nos. 10 and 11. Buffaloes living in regions free of barbone (14 other 
comparable tests). 

Nos. 12 and 13. ITealthy buffaloes living in regions where barbone 
was present (21 other comparable tests). 

Nos. 14 and 15. (for comparison) Buffaloes sick (14) or dead (15) 

* I would recommend that bacteriologists desiring to procure strains of the 
bacteriophage investigate principally the excreta of horses and chickens, partic- 
ularly at the beginning of their work. It is from these animals that is most easy 
to isolate strains of the bacteriophage having a high activity when taken from the 
body. These excreta are, moreover, more readily procured than the feces of 
convalescents. 
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of.lwrbone. flight other tests have been made; five were comparable 
to those cited. In three others a bacteriophage was not fpund; if it was 
preset it was inactive for the eight test organisms. 

Nos. 16 and 17. Swine in Cochin-China, in a barbone area. 

Nos, 18 and 19. Swine in Paris. 

Nos. 20 and 21. Swine in France, on a farm infected with avian 
typhosis (4 other comparable results) . 


TABLE 68 


NUMBER 

B. com 

B. 

DTSENTBUXAB 

B\CILUU8 

BAC- 

TERIUM 

OF 

BARBONE 

B. 

OALLX- 

NARUM 

ShiKB 

Flexner 

Hiss 

Typho- 

sus 

Para A 

ParaB 

1 

+ 

++ 

0 

0 

0 

0 

0 


— 

2 

0 

-f 

4-4- 

4- 

0 

0 

0 

— 

— 

3 

+ 

0 

+ 

4- 

0 

0 

0 

— 

— 

4 

0 

0 

0 

4-4-4- 

0 

0 ‘ 

0 

— 

4- 

5 

++ 

++ 

+ 

+ 

0 

0 

0 

— 

4-4- 

6 

-H 

+ 1- 

H — h 

0 

0 

0 

0 

— 

0 

7 

0 

+4- 

0 

0 

0 

0 

0 

— 

0 

8 

++ 


+ + 

4- 

0 

0 

4*+ 


0 

9 

+ 

0 

4- 

0 

0 

0 

0 


0 

10 

+ 


+ 4' 

0 

0 

i 0 

0 

0 

— 

11 

+4- 

0 

-1-4-4- 

0 

0 

0 

0 

0 

— 

12 

++4- 

+ 

0 

0 

0 

0 

0 

4-4* 

— 

13 

+++ 


+4- 

0 

0 

0 

0 

++4- 

— 

14 

++ 


4'f 

0 

0 

0 

+ 

0 

— 

15 

++ + 

+ 

4" 

0 

0 

0 

0 

0 

— 

16 

+ 


0 

4- 

0 

0 

-h 

4- 

0 

17 1 

++ 


0 

0 

0 

0 i 

0 

+ 

0 

18 

+ 

0 

0 

0 

+ 

0 

r 

— 

0 

19 

+ 

-| — ^ 

0 

4- 

0 

0 

0 


0 

20 

•h+ 

++ ' 

4*4--^ ' 

4-4'4- 

0 i 

0 

4- 4- 4* 

— 

4-f 

21 

+ +■+ 

+ 

0 

-h 

4- 

H* 

+ -[- 

— 

4- 

22 

+ 

■f+ 

4" 

4*4"4’ 

0 

0 

0 

— . i 


23 

0 

+ 

0 

0 

0 

0 

0 

— 


24 

++ 

0 

4- 

0 


0 

0 



__ 

25 

++ 

0 

0 

0 

0 

0 

0 

- 

- 


Nos. 22 and 23. Rabl)its living in cages at the Pasteur Institute (4 
other comparable findings). 

Nos. 24 and 25. Goats in P.ari® 


7. THE VIRULENCE OP THE BACTERIOPHAGE IN TUB NORMAL ANIMAL 

I have attempted to discover whether the activity manifested for 
different bacteria by a filtrate of the excreta of an animal is due to the 
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presence in this filtrate of a single race of the bacteriophage or to the. 
presence of several different races. 

All of the experiments made to this end have been conducted in the 
same manner. First, the activity of the filtrate on different bacterial 
species was determined, and then a series of 10 to 12 passages with the 
bacterium for which the activity proved to be the strongest was made. 
This procedure for increasing the virulence was followed by spreading 
the bacterium-bacteriophage mixture on agar. From these cultures 
three plaques were selected and inoculated into three bacterial sus- 
pensions, always of the same bacterium at the expense of which the 10 
or 12 passages had been made. Finally, selective isolations in bouillon, 
by the inoculation of single corpuscles were made. 

Being thus certain that pure races had been obtained, I ascertained 
the different virulences of each of the three plaques. 

Naturally, for these tests I selected filtrates active for different species 
of bacteria. The results follow. 

L Bacteriophage from the horse {Phantiet) 

This filtrate had been held in a sealed ampoule for two years. When 
tested for its virulences it showed: 

B. coli*+ + 

B, dysenteriae Shiga ++ + 

B. dysenteriae Flexner + + + 

B. dysenteriae Hiss + + 

B. paratyphosus B + 

After the virulence had been increased by means of passages with 
B. dysenteriae Shiga^ and the purification procedure had been effected, 
detenninations made with the three plaques isolated gave: 




Plaques 



1 

2 

3 

B. coli 

+ + 

+ + 

+ + 

B. dysenteriae Shiga 

+ + + + 

++++ 

+ + + + 

B. dysenteriae Flexner 

+ + + + 

++++ 

+ + + + 

B. dysenteriae Hiss 

+ + 

+ 

+ + + 

B, paratyphosus B 

-f- + 

+ + 

+ 


From this we (;an only conclude that the activity of the original filtrate 
was due to the multiple virulences of but a single race of the bacterio- 
phage. 

* The strain of B. coli used in this study, and in those which follow was a very 
susceptible old stock strain. 



UBIQUITY OF BACTERIOPHAGE 


433 


2. Bacteriophage from the horse (Alexandria) 

The original filtrate showed virulences as follows: V 
B. dysenteriae Shiga + + + + 

B. dysenteriae Flexner + + + + 

B. dysenteriae Hiss 0 

B. paratyphosus B + + + 

B. of Gaertner + + 

After a series of passages with B. dysenteriae Flexner ^ followed by 
purification, the virulences of the three plaques isolated were: 



1 

Plaques 

2 

3 

B. dysenteriae Shiga 

++++ 

++++ 

+ + + + 

B, dysenteriae Flexner 

++++ 

++++ 

+ + + + 

B, dysenteriae Hiss 

0 

0 

0 

B. paratyphosus B 

+ 

++ 

+ + 

B. of Gaertner 

+ 

++ 

+ 

B, coli 

+++ 

+ 

+ + + 


Here again, the activity of the original filtrate was due to the multiple 
virulences of a single race of bacteriophage protobes. 


5. Bacteriophage from a chicken (Alexandria) 

The intestinal bacteriophage of the original filtrate showed the follow- 
ing virulences: 

B, dysenteriae Shiga + + + + 

B, dysenteriae Flexner + + + 

B, dysenteriae Hiss + + + + 

B, paratyphosus B 4- + -^ -j- 
B. coll + + 

With this bacteriophage passages were made with B. paratyphos^is B, 
and following the purification, the virulcfices of the three plaques 
proved to be: 



1 

Plaques 

2 

3 

B, dysenteriae Shiga 

+ 

0 

+ 

B. dysenteriae Flexner 

0 

0 

0 

B. dysenteriae Hiss 

++ 1-+ 

+ + + 

+ + + 

B. paratyphosus B 

+++ 

+ + + + 

■4“+++ 

B. coli 

0 

0 

0 


In this case there seem to have been two races in the original filtrate. 
In order to be certain of this I returned to the original filtrate, which 



434 


THE BACTBEIOPHAGB AND ITS BEHAVIOR 


had been preserved in a sealed ampoule during the period of the above 
manipulation, and I made a series of 12 passages at the expense of 
B. dysenteriae Shiga. Three plaques were selected and the race was 
purified by isolations from the limiting dilution. Virulence deteiv 
minations on those three plaques showed: 


B. dysenteriae Shiga 

1 

Plaques 

2 

++++ 

3 

+ + + + 

B, dysenteriae Flexner 

++++ 

+++ 

+ + + 

B, dysenteriae Hiss 

+ 

++ 

+ 

B. paraiyphosus B 

0 

0 

0 

B, coli 

++ 

+ 

+ 


This proves that there were, indeed, two races of the bacte^o.)hage, 
the one active for B. dysmteriae Shiga, the Hiss strain, and B. para- 
typhomis B, the other virulent for the three dysentery strains and for 
B. coli. 

Bacteriophage frmn a dog {Alexandria) 

The original filtrate showed virulences for: 

B. dyeenteriae Shiga + + + 

B. dysenteriae Flexner + + 

B. dysenteriae Hiss 0 
B. paratrjphosuH B 0 
B. suipestifer + + + + 

B, coli "f" ”1" 

Passages were made with B. suipestifer; purifications were made, 
and the three plaques isolated showed virolcnces as follows: 



1 

Plaques 

2 

3 

B. dysenteriae Shiga 

+ 

+ 

H- 

B. dysenteriae Flexner 

+ 

+ 

+ 

B. dysenteriae Hiss 

0 

0 

0 

B. paraiyphosus B 

0 

0 

0 

B, suipestifer 

+ + + + 

+++ 

d — 1-+ + 

B. coli 

++ 

++ 

• + 


Obviously, this filtrate contained but a single race. 

It may be concluded from these experiments that as a rule but a 
single race of the bacteriophage can be found within the digestive tract 
of an animal at a given time. This is the more strange in view of the 
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fact that animals arc umjuestionably ingesting all of the time a wide 
variety of races. The most logical explanation for this apparently 
illogical situation is that most probably only that race which fonns a 
symbiosis with the intestinal B. coU persists. 

8. THE BACTERIOPHAGE IN THE EXTERNAL ENVIRONMENT 

From the data which have been presented in previous chapters 
it is. obvious that the bacteriophage protobo possesses a high degree 
of vitality. Its resistance to the different destructive agencies to which 
it is exposed in nature, — a resistance almost equal to that of the bac- 
terial spores, — permits it to survive the majority of influences to which 
natural ‘^nditions subject it. Because of its minute size it is certainly 
carried by seepage water through soils which are impermeable to bac- 
teria. It should, because of these facts be found in all materials which, 
at any time, have been exposed to pollution by excreta. And this is, 
in fact, what the studies of many investigators show to be the case. 

Without discussing the presence of the bacteriophage in food prod- 
u»‘ts, and it has been found there (sausage; van der Hoeden®**) because 
of some accidental contamination oceumng in the abattoir or in the 
manipulation of the product; without considering its presence, a per- 
fectly natural thing, in pro(hic,ts derived from the intestinal mucosa, 
such as enterokinase (Pico,-’*" Kuttner,®*® Borchardt’®),* it is of signifi- 
canc,c to know that the bacteriophage may. be found in the external 
world, particularly in drinking water. 

• The presence of the bacteriophage being constant in the intestine as is readily 
demonstrated, particularly in animals because of the multiple virulences which 
it shows, it is perfectly natural to find it in products derived from the intestine. 
The three authors mentioned have, however, constructed theories as to the nature 
of the bacteriophage on the basis of their findings. According to their method 
of reasoning, inasmuch as the bacteriophage may be found in products derived 
from the intestine it must be an intestinal en/.ynie. As it is easy to demonstrate 
that B. coli is present in commercial preparations of enterokinase, and even of 
pancreatin, one might just as logically conclude that B. coli is derived from the 
intestinal enzymes. As a matter of fact, Corabiesco'^** has shown that when the 
bacteriophage is present in preparations of trypsin and of enterokinase, it repre- 
sents an impurity, for it resists a temperature which destroys the enzyme. Fol- 
lowing out the same idea, I have purified contaminated samples of enterokinase 

hy treating them with anhydrous glycerol or with alcohol. The bacteriophage is 
destroyed by either the glycerol or alcohol, while the enzymes are left unmodified, 
at least for a period of time adequate for the destruction of the bacteriophage. 
Flu*'® has shown that the pancreatic juice of the cat, if collected without admix- 
ture with other substances, never contains a bacteriophage. 
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Dumasi®* was the first to find a bacteriophage, virulent for either 
B. coli or the Shiga organism, in the drinking water of Paris. He also 
found it in garden soil, which was not peculiar since such soil is heaidly 
chaiged with manure. 

Beckerich and Hauduroy®* isolated races of the bacteriophage from 
the water of the river 111, as well as from that of the Rhine, which, 
after filtration through sand, serves as drinking water for Strasbourg. 

I have isolated a bacteriophage virulent for B. coli from a specimen 
of sea water collected in the cstuaiy of Mekong; a race virulent for 
B. dysenteriae from the water off Alexandria; and a similar race from a 
specimen of water collected outside of Marseilles. On the contrary, I 
failed to find it in a specimen of water collected from the Indian Ocean, 
at approximately 60“ longitude, and 10“ north latitude. 

Various authors, Arloing, Semp6 and Chavanne, among others, 
report having found virulent races in the water of different rivers and 
wells. These races have shown virulences for such organisms as B, 
typhoma, li. coli, B. dysenteriae, and the parat 5 T)hoids. 

RESUME 

Within the intestinal tract of every man, and of every animal, there 
is a race of the bacteriophage living in s 3 rmbi()sis with B. coli and the 
other bacteria of the normal flora (d’Herelle®^*). 

The bacteriophage is not present in the intestinal tract of the fetus, 
nor is it found in the new-born infant (Vedrenne®*®). In the infant it 
appears, as a rule, some time between the 4th and 7th days after birth 
(d'HereUe). 

In the normal man the intestinal bacteriophage usually shows a viru- 
lence only for the strain of B. coli with which it is maintaining a sym- 
biotic relationship. But to this there are many exceptions, cases where 
the virulence extends to different bacterial species (d’HereUe®'*) . 

In the normal animal the intestinal bacteriophage can be demon- 
strated somewhat more readily than in man. This is due to the fact 
that in the animal the virulences of the race present almost always 
extend to the dysenteiy and paratyphoid bacilli (d’Herelle). 

As a rule, the intestinal tract of man, and of animals, contains but a 
single race of the bacteriophage (d’Herelle). 

Everything which, under natural conditions, has once been exposed 
to poUution by excreta, may contain bacteriophage protobes. It is 
always present in the water of some rivers (Dumas'**) ; in cultivated soils 
(Dumas'**), and often in sea water near the coast (d’HereUe**'). 



CHAPTER III 

The Behavior of the Bacteriophage m Disease 
1. variations in the virulence of the bacteriophage 

There is, then, in the intestinal tract of each man, indeed, in that of 
every animal, vertebrate or invertebrate, a race of the bacteriophage. 
Unquestionably we can consider this point as established. Experi- 
ments in vitro have shown us that this bacteriophage has the power to 
adapt itself to the parasitism of dilBferent species of bacteria. Under 
certain circumstances it can probably adapt itself to any and all species. 
These two facts being true, the logical question is: What happens when 
a pathogenic bacterium gains access to the digestive tract of a being 
which already has within its intestine a bacteriophage protobe to parasi- 
tize this bacterium? 

We know from common experience that a normal man is sometimes 
attacked by slight transitory intestinal disturbances; upsets which 
quickly pass off, without the person becoming really sick. Let us first 
see what happens within the intestinal tract in cases of this type. 

The following observations were made on the same normal naan who 
was examined periodically throughout a year, providing the data re- 
ported in the preceding chapter on the uniform presence of a race of 
the bacteriophage in the intestinal tract. 

During the course of this same year, this individual showed at two 
different times, July 3, and September 26, slight intestinal disturbances 
lasting some hours. The first time there was no obvious cause; the 
second attack followed a suspected meal taken in a village tavern. On 
each occasion specimens of the stools were examined on the following 
days. The results are recorded in table 59. 

The results are here so clear-cut that no comment is necessary. 

Additional infonnation is provided by the results of the stool exami- 
nations of three adult persons, a mother and two daughters, who lived 
together. Within a period of 15 days, during which time daily exami- 
nations were being made, one of them, I, without being otherwise dis- 
turbed, had a few stools of somewhat less than a normal consistency. 
These occurred on the 17th and 18th of July.* 

* A few cases of dysentery had occurred during the preceding days in .the vil- 
lage where the persons lived. This w«is, as a matter of fact, the re^on for 
undertaking the systematic examinations. 
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The resultvs of these examinations appear in table 00, the designations, 
I, II, and III, referring to the three persons mentioned above. 

The marked change in the virulences of the intestinal bacteriophage. 


TABLE 59 


DATE 

n. COM 

B. DYftKNTERIAB 

BACIELT’8 

Shijsa 

Flex- 

iior 

Hiss 

TypJio- 

sus 

Pam A 

Para B 

July 4 


0 

+ + -f 

++ 

0 

0 

0 

July 5 


+ 

~\' + -1“ 

+ 

0 

0 

0 

July 6 

+++ 

+ 

++ 

4- 

0 

0 

0 

July 7 

-1-+ 

0 

++ 

0 

0 

0 

0 

July 8 

+ 

0 

0 

0 

0 

0 

0 

Septcinbor 27 

+++ 

++ 

+ 

+ 

+ 

0 

++++ 

September 2S 

+++ 

+ 

0 

0 

0 

0 

++++ 

September 29 

++ + 

0 

0 

0 

0 

0 

++ 

September 30 

++ 

0 

0 

0 

0 

0 


October 1 

+ 

0 

0 

0 

0 

0 

++-b 

Octolicr 2 

+ 

0 

0 

0 

0 

0 

! 4- 

October 3 

+ 

0 

0 

0 

i ^ 

0 

0 


tabu; bo 


D\TE 

1 

n 

Lit 

July 15 

c-l- 

C)-|" “b i" 

0 

July 10 

o-l- 

C++ + 

0 -b 'b “b 

July 17 

0 

c-t- 

0 

July 18 

(];j j_ 1 { . }_ _j_ 

0 

0 

July 19 

ct-f +n++ 

0 

C++B-I- 

J uly 20 

C-i — hH-f--}- 1 

0 

C+B-l- 

July 21 

C-l-l-lIl- 

Cf 

0 

July 22 

0 

0 

0 

July 23 

0 

0 

c-b 

July 24 

C4-b-b 

0 

0 

July 25 

C-f-4- 

0 

v» 

July 26 

0 

0 

0 

July 27 

CJ-b-h»Sh.'h b4- 

0+-b 


July 28 

C-l-Sh.-f 

0 

0 

July 29 

0 

c+ 

0 

July 30 

(bb 


0 

C = /?. coil: 11 = B. dy^cntcriac Ilisa; JSli. = 

B. dyseiiteriae Bhiija; B = /i. 


paratyphosua li. 


as observed here, eau jiot fail of lieing signifieaTit, for wc find here, that 
upon the occurrence of the slightest intestinal disturbance the virulence 
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of the bacteriophage protobe is increased, both for B. coli and for the 
pathogenic organism. 

These findings immediately suggest the idea that there may have 
been in these three cases the beginning of an infection by these patho- 
genic bacteria for which the virulence of the bacteriophage became mani- 
fest, but that the infections were aborted because of the rapid adapta- 
tion on the part of the intestinal bacteriophage, thus resulting in a 
bacteriophagy in vivo (d’Herelle^^®*^^^). 

Study of the behavior of the intestinal bacteriophage in outspoken 
disease shows us that this hypothesis is correct. 

2. THE BACTERIOPHAGE IN BACILLARY DYSENTERY 

l''he charts presented in this section show, much better than any 
explanation, the relations which exist between the condition of the 
patient and the virulence of the intestinal bacteriophage for the path- 
ogenic bacterium. The upper tracing gives the number of stools in 
24 hours; the single line indicating stools without blood, the double 
line those containing blood and mucus. On the lower portion of the 
chart is indicated (/) by the dotted line, the virulence of the bacterio- 
phage for the colon bacillus; (2) by the broken line, the virulence of the 
l)aoteriophage for a sto(*.k strain of the Shiga bacillus which had been 
maintained for a long time under laboratory cultivation; and (5) by 
the soli<l lino, the virulence for the Shiga strain recovered from the 
patient liiinself. 

The five cases given as examples were treated at the Pasteur Hospital. 
It was thus possible to follow them with all necessary attention and to 
obtain material for examination as often as the investigation demanded; 
at least once, often several times, during the course of each day. 

For these examples, cases of different severity have been selected. 
In all of them B. dysenteriae Shiga was isolated from the stools at 
the l)oginning of the disease. 

C>asc 1. Germaine Mel (sixteen years, chart 1). This was 

a mild case of dysentery. The patient was an inmate in an institution 
where there were about thirty young girls. During the period from the 
12th to the 22nd of July about twenty of these girls presented intestinal 
disturbances of sudden onset, accompanied by a profuse diarrhea, 
followed by a rapid amelioration of symptoms. Within one or two days 
after the onset all had again become normal. In only one or two cases 
did the stools contain traces of blood. In order to establish a diagnosis 
the directrix was asked to send a patient to the Hospital during the 
earliest symptoms. 
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Germaine Mel entered the Hospital on the 18th of July. 

From the first stool passed after her arrival a bacillus presenting the 
biochemical characteristics of the Shiga bacillus was isolated after 
considerable difficulty. It was inagglutinable, and it was only after 
three transfers on agar that agglutination was secured (1:500). 
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CiiAKT. 1. Gekmainb Mel Dysentbuy (Shiga) 

I B, dysenteriae from the patient 

B. dysenteriae, stock strain-— — - 
B. colt 

As can be seen from the tracings?, the number of fluid stools, seventeen 
on the first day, fell quickly during the second day to two, without 
medication. 

The intestinal bacteriophage, isolated from the fifth stool of the first 
day, was endowed with an extreme virulence for the bacillus causing 
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the infection, and with a somewhat lower grade of virulence for the stock 
yhiga strain and for B. coli. 

The stools of eleven of the inmates of this institution were examined. 
Among the number were nine who had shown intestinal disturbances 



Chakt 2. Marie Leb (26 years) Dysentery (Shiga) 

B. dysenteriae from the patient— 

Virulence for • B. dysenteriae, stock strain — 

^ B. coli 

Stools contained bloQd- = ■ 

two or three days previously. Tw'o had shown no morbid symptoms. 
All of those examined contained a bacteriophage with a high or maxi- 
mum virulence for the Shiga strain isolated from the stool of Germaine 
Mel as well as for the stock strain of Shiga and for B. coli. 
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Therefore, with Germaine Mel there was a bacteriophage 

of maximum activity, even from the beginning of the disease. Recovery 
took place within twenty-four hours. 

Case 2. Marie I^eb (twenty-six years, chart 2). This 


h 

Victor Ker... 



(D 

Dysentery (Shl^o) 

BgiSilBI 

m 

IBB 

BE 

I 

IS 

§ 



IE 

151 

i 



1 

i 

Si 

1 


■RIRSWil 

III 

II 

II 


n 

1 

1 

1 

II 

III 




1 

II 

I 


1 

1 1 

1 1 

1 i 

i 


1 


H 














li 

r 

1 


II 




II 













II 




11 




1 

1 

1 


1 


Mo 

I 

11 


1 




11 



B 

1 

1 

1 


1 





5 

m 

VI 






III 

II 


II 

II 

1 

1 

II 

1 

li 

II 

1 

1 

1 

9 



++++ - 

+++- 

1 

1 

-1 

i 

1 

■1 

1 « 
1 • 

1 

11 

1 

\t m 

n 

1 

1 




II 

II 


1 




1 



1 





1 

1 

+ ▼ — 

1 

H 


n 

1 


T 

1 

1 



1 

n 





1 

1 

■II 

i 

II 

II 


II 

H 

1 

n 


HI 


-1- 



1 

A 

1 

1 

n 

1 . r 

rrrj 

TT 

rr 


FT 

jT 

rr 

1 


1 1 


\ 

k 

■ 1 1 



Chaiit 3. VicTOH Kbr (6 years) Dysentery (SmoA) 

[ B, dysenteriae from the patient 

Virulence for ( B. dysentcriae, stock strain 

( B. coli 

Stools contained blood=^= 

case was one with a mild dysentery, due to B. dysenleriae Bhiga. The 
stools were typical, containing blood and mucus. She was admitted 
to the Hospital on the eighth day of the disease. The fii’st stool con- 
taining blood had l)een passed the day before. 

Upon entrance to the Hospital the feces contained a bacteriophage 
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active for the Shiga organism (+), extremely active for B. coli 
(+ + + +), and but very slightly active for the dysentery bacillus 
found in the patient (+). Against this last bacillus the virulence in- 
creased during the course of the three following days, reached its maxi- 




Jean Ker ... Dysentery (Shiga) 



Chakt 4. Jean Ker (C yi.'ars) Dysentery (Shiga) 

I B. dysenteriae from the patient— 

Virulence for ^ B. dysenteriae, stock strain 

[ B. coli 

Stools contained blood== 

mum activity (+ + + +), fell away somewhat (+ +), and then 
definitely regained its full virulence (+ + + These fluctuations 
in virulence were reflected in the condition of the patient. At the end 
of convalescence there remained only a slight activity (-f-) of the bac- 
teriophage and that was directed against B. coli. 
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Cases. Victor Ker (five years, ifbart 3). The dysentery 

was caused by the Shiga bacillus, was of Moderate severity, and was 
contracted by contact with the patient next discussed. When admitted 
to the Hospital, on the third day of the disease, the intestinal bacterio- 
phage already manifested an average virulence (+ +) for the stock 
Shiga strain as well as for the strain isolated from the patient. This 
virulence increased, rapidly and maintained a high value up to the time 
of complete convalescence (+ + +). It then abruptly disappeared. 

Case 4, Jean Ker (six years, chart 4). This patient was a 

brother of the foregoing. The general condition was poor when ad- 
mitted to the Hospital on the third day of the disease. 'I’here were 
from twenty to thirty bloody stools a day; a severe dysentery due to the 


TABLE 6t 


DAY OF D1SGA8E 

NUMBED OF BLOODY STOOLB 

VIRULENCE OP THE BACTBUIOPllAQE FOR 

B. fiyaentrriac 
(patient) 

B dysenteriae 
(stock) 

B. coli 

5t)i 

23 

0 

+ 

+ 

6th 

13 

0 

++d — h 

++ 

7th 

9 

0 

+++ 

++++ 

8th 

12 

0 

++ 

++++ 

9th 

11 

0 

+ 

++++ 

10th 

12 

+ 

++++ 

+++ 

nth 

12 

++-I- 


+++ 

12th 

(4 of 6 stools without 
blood) 

+-I-+ 

++++ 

+ 


Shiga bacillus. On the fourth day of the disease there were twenty- 
four bloody stools. .The bacteriophage was feebly active (-}-) for B. 
coli and was inactive for the Shiga bacillus. The record is shown in 
table 61. 

From this time on improvement became more and more marked. 
The activity of the bacteriophage did not disappear after convalescence 
had been established. 

In the first three of the cases reported above the dysentery was mild. 
The bacteriophage was active at the onset, the bacterium did not acquire 
a resistance, and its growth was quickly suppressed. In the last case 
there was a struggle and the bacillus acquired a resistance which was 
finally overcome. The condition of this patient was much more serious. 

Case 5. Lans (seventy years, chart 5). This case il- 

lustrates an extremely severe dysentery due to the Shiga bacillus. The 
patient entered the Hospital on the second day of the disease. 



L^ans Dysentery f Shiga) 
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In this case the straggle was prolonged, with fluctuations due to the 
mixed cultures formed in the intestine. The condition of the patient 
registered faithfully the changes in the straggle. It may be noted 
particularly that the bacteriophage manifests a transitory activity on 
the eleventh day of the disease and the stools temporarily lose their 
bloody character. But the bacillus increases its resistance and this 
permits it to develop, and blood reappears in the stools. The disease 
is only definitely overcome at a time when the virulence of the bacterio- 
phage is sufficiently high to dominate the resistance of the bacterium. 

In addition to the five cases wliich have just been presented as il- 
lustrating the manner in which the bacteriophage behaves, a number of 
other cases have been followed, both in France and in Indo-China. Of 
these other cases, 17 which varied materially in the severity of the in- 
fection, were examined daily throughout the period of the disease, and 
29 more were examined less fre(iuently. 

In all of the cases the intestinal bacteriophage showed changes in its 
virulence comparable to those recorded above. These clmnges may be 
summarized as follows: 

1. In case of recovery, the virulence of the bacteriophage commencc.s 
to manifest itself in a marked manner toward B. coli. 

2. The virulence next extends to the type strain of the Shiga bacillus, 
that is to say, toward a strain which has been for a long time under 
art'ificial cultivation and which, for this reason, has been deprived of 
much of its resistance. 

3. It manifests itself next, more or less fjuickly, toward the Shiga 
bacillus isolated from the patient himself ap the onset of the disease.* 

4. In all cases the fluctuations in the virulence, as well as the lluctuar 
tions in the resistance of the bacteria, parallel the state of the patient, 
and the onset of improvement coincides with the moment when the 
virulence of the bacteriophage dominates clearly the resistance of the 
bacterium. We thus see reproduced m vivo the same phenomena as 
we have observed in vitro; permanent and complete dissolution, mixed 
cultures with negative transfers, mixed cultures with alternations in the 
dominating force. 

In Indo-China an opportunity was afforded to follow four fatal 

* Obviously it is necessary to preserve this strain without replanting. The 
isolated colonies obtained on the original plates are planted on several agar tubes 
and a portion is taken from those tubes for the tests conducted during the course 
of the disease. It is well-known that resistance is attenuated by successive trans- 
plantations. 
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cases of bacillary dysentery in natives. At no time during the course 
of the infection did the intestinal .bacteriophage show a trace of activity 
for the Shiga bacillus, either for the stock strain or for those isolated 
from the stools of the patients. 

A last case, of particular interest, may be presented, for it shows that 
bacteria may become resistgiit, acquiring a refractory state, in vivo, as 
well as in vitro. While undoubtedly such a change in the bacterium 
may occur within the body, such cases must be very rare, even 
exceptional. 

Alix Desp .... (fifty-sLx years). The patient entered the 
Pasteur Hospital on September 2G, 1919. At the time of admission 
there was a profuse mucous diarrhea with thirty to forty stools a daj'. 
Examination of the intestinal contents gave an almost pure culture of a 
dysentery bacillus presenting atypical characters, as follows: 

Non-motile bacillus. Gram negative. Indol positive. No black- 
ening of lead acetate agar. No change in neutral red media. Litmus 
sugar agar media not fermented with any of the sugars. In Barsiekow’s 
medium, maltose and lactose are unchanged, glucose and mannite are 
turned red. After six transfei-s on agar it agglutinated to the titre 
(J :(j()00) with a Hiss agglutinating scrum, to 1 :400 with an anti-Flexner 
serum of which the titre was ItGOOO, and was not agglutinated at 1:20 
by an anti-Shiga serum. 

In s[)ite of these atypical chjiracters it was, then, a Hiss strain possess- 
ing weak fermentative properties. 

When secured from the body this bacillus Avas not affected by a bac- 
teriophage very virulent for a normal Hiss becillus, but it became 
susceptible to dissolution after about a dozen u-cUisplantations. It Avas, 
then, a bacillus Avhich was rofractoiy to the bacteriophage when re- 
covered from the body. 

At the same time a strain of bacteriophage was isolated from the stools 
of the patient. 'Phis presented the lolloAving A'irulences: Shiga 0, 
Flexner -f- H-; stock culture strain of Hiss -f- -f 4- -h; -6. coli ■+•; the 
Hiss strain from the patient +. jVfter tAvelve subcultures of the Hiss 
strain from the patient the virulence of the filtrate Avas again tested. 
Perfect dissolution Avas secured, shoAving that the bacillus had lost its 
resistance by transfers on agar. 

The bacteriophage of the patient was active to a maximum degree 
against a stock strain of the Hiss bacillus but it was only slightly active 
for the individual strain causing the infection, with which it formed 
in vitro, mixed cultures indefinitely cultivable. There was likewise in 
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the intestine of the patient a mixed culture of the bacteriophage and 
the refractory Hiss strain. 

In spite of every care and repeated injections of anti-dysentery serum 
the patient became weaker and weaker; the temperature oscillated 
between 38° in the morning and 40°C. in llie evening; the number oi 
stools gradually increased and became uncountable on about the thirti- 
eth day; and at about this time the patient fell into a marasmic con- 
dition, the temperature stayed at about 38°C. and death occurred on 
the thirty-fifth day. 

Bacteriologically, the stools, tested each day, showed an almost con- 
stant bacterial flora. The pathogenic bacillus was always abundant, 
often in almost pure culture, and presented the characteristics described. 
The virulence of the bacteriophage increased continuously until the 
fifteenth day when it became fixed, showing: Shiga ++++; Flexner 
+ + "h 4" ; Hiss •+•+++, H. typhosus -b + 4* ; jB. paratypfiosus A 4" 4 — H ; 
B. paratyphosus B 4-4-4“ ; B. coli 4- 4- 4- 4-; bacillus of the patient 0 
(completely refractory) when freshly isolated, 4-4-4- after fifteen trans- 
plants. 

At autopsy* there was isolated from the contents of the colon, 
from a fragment of mucous ulceration, from the Uver, from the spleen, 
and from the heart blood, a Hiss dysentery bacillus, presenting the same 
characteristics as that which had been isolated at the beginning of the 
disease. From all the organs a bacteriophage was isolated presenting 
the same characters as that which had been isolated from the stools 
and whose virulence has been indicated. 

This case, altogether exceptional (I believe that it is the first case 
reported of a B. dysmteriae J/ms septicemia) is very interesting for it 
shows in an unquestioned manner the r61e that the bacteriophage plays 
in the defense of the organism. In all of the cases examined heretofore 
we have seen, either recovery starting from the time when the bacterio- 
phage had acquired sufficient virulence to dominate the pathogenic 
bacillus, or death in the case of the lack of such an adaptation. In this 
last case, the bacteria developed a refractory condition, the bacterio- 
phage was overcome and remained without action whatever its viru- 
lence may have been. The barrier thus being lacking, the bacteria 
developed freely and invaded the entire organism. The patient suc- 
cumbed to a septicemia with the Hiss bacillus. 

This unusual case provides us with new information. A bac- 

* Performed by L. G4ry, whom I thank for the specimens he was kind enough 
to send me. 
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terium is pathogenic for a given organism if it secretes substances toxic 
for the cells of this organism. It is the more virulent the more capable 
it is of development at the expense of this organism. The dysentery- 
bacilli are pathogens because of this secretion of toxic substances, for 
they do not invade the organism, as a rule, but remaia localized in 
the intestine and in the intestinal mucosa. Nevertheless, in the case 

of the woman Desp the Hiss strain was accidentally endowed 

with an extreme -virulence, and this solely because the bacteriophage 
had been overcome. This suggests an idea which we wiU have occasion 
to confirm in the following chapters, — that the -virulence of a bacterium 
at any given moment is the greater if its resistance to the bacterio- 
phage is at this time high. 

The case Desp is exceptional. As a general rule death occmrs 

in dysentery, not because of the acquisition by the bacterium of a 
refractory condition, but by a failure of the' bacteriophage to adapt 
itself to bacteriophagy of the pathogenic organism. In the four cases 
mentioned above which were fatal, a bacteriophage active for the Shiga 
bacillus could not be isolated at any period of the disease. 

We may summarize the situation, insofar as bacillary dysentery is 
concerned, in the following way. The pathogenesis and the pathology 
of bacillary dysentery are dominated by two factors, operating in 
different directions; the dysentery bacillus as the pathogenic agent and 
the bacteriophage as the agent of immunity. The history of a case of 
dysentery is only the story of the struggle, occurring within the body, 
between these two factors, and the condition of the patient faithfully 
n*tlecls the -vicissitudes of the struggle. 

In case of a rapid enhancement in the vivdonce of the intestinal 
bacteriophage toward a pathogenic bacillus, the latter is unable to 
develop a resistance and is destroyed in the struggle, so that the disease 
aborts before the appearance of any symptoms or manifests itself by 
only a transitory disturbance. 

The increase in the -virulence of the bacteriophage for the invading 
bacterium may be retarded for one of two reasons First, as a result of 
unfavorable intestinal conditions. (We have seen the considerable 
importance, in vitro, of very slight variations in the reaction of the 
medium on the development of the bacteriophage.) In accordance 
-with tlie chemical and physical state of the intestinal contents, one 
bacterium is favored at the expense of another; the intestinal fermenta- 
tions, and as a result, the reaction of the medium -will vary according 
to the predominating flora. The development of the bacteriophage is 
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then doubly influenced. First, by a change in the state of the medium 
itself, and second, by changes in the flora which increase or decrease, 
according tQ circnimstances, the bacterial species at the expense of which 
it normally develops. This of course necessitates variations in virulence 
in response to the variation in the biicterial species. Iijoreover, it has 
been known for a long time that catarrhal diarrhea affects (provoked 
by the ingestion of undigestible foodstuffs, of green fruits in particular, 
or by the “freud au ventre” so common in tropical countries) the in- 
cidence of cei’tairi intestinal disca.ses — dysentery and cholera among, 
others. 

Second, as a result of a more or less marked degree of resistance of 
the invading bacillus to the bacteriophage. We have seen that in tlie 
course of the disease the pathogenic agent defends itself. Such a bacil- 
lus in a state of resistance, ingested by a healthy person will develop 
in spite of the presence of a bacteriophage, particularly if the latter is 
but slightly active, whereas a non-resistant bacillus is destroyed with- 
out any very great difficulty. 

In cases of bacillarj- dysentery, even very severe, but in which the 
patient improves rapidly, the bacteriophage shows its virulence in a 
very active manner at the outlet, not only for laboratory strains of the 
bacillus, but for the strain secured from the patient himself, and this 
takes place at the moment wlwm the symptoms begin to improve. 
There may be a rapid increase in the virulence of the bacteriophage 
without a corresponding resistance in the bacterium. 

In cases where the disease is prolonged, one of two situations may 
develop. 

1 . The bacteriophage shows no, or but slight, activity as long as the 
condition of the patient remains stationary, 'riic improvement occurs 
when the activity of the bacteriophage manifests itself in an energetic 
manner, not only for the stock cultures of the bacillus but also for the 
strain derived from the patient. There has been a delay in the adapta- 
tion, then the sudden acquisition of a high virulence. Recovery takes 
place promptly, for the pathogenic bacterium is not able to develop a 
resistance. 

2, At a given moment of the disease the virulence of the bacteriophage 
manifests a more or less energetic action on the stock bacilli, but on the 
contrary, the virulence is inappreciable or but very weak for the strain 
taken from the patient. Here there has been a delay in the adaptation, 
since the bacteriophage has gradually acquired virulence for the path- 
ogenic bacillus, but this delay has allowed sufficient time for the creation 
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of a resistant race of the latter. As k result there is a stru^le, and the . 
condition of the patient reveals the fluctuations of the struggle. 

This conflict is paiticularly to be noted in cases of Idpg deration with 
a relapse. During the latter, especially, the virulence of the bacterio- 
phage shows daily fluctuations. At certain times it may be extreme 
for the stock culture, although uniformly very weak-,.for the strain 
causing the infection. Recovery begins to take plac6>'at the moment 
when the bacteriophage shows an activity as intense for one strain as 
for the other. 

Under two circumstances the disease may have a fatal issue: 

1. When the bacteriophage exerts no protective action through a lack 
of adaptation to the pathogenic bacillus. Here there is no struggle at 
all, and the bacterium develops freely. In the great majority of such 
cases non-adaptation is the cause of death, which then occurs quickly. 

2. In certain exceptional cases the pathogenic bacterium acquires 
an almost absolute resistance, — a refractoiy state. And the bacterio- 
ph.age, whatever the degree of virulence it acquires, remains ineffective. 
From this moment, when the bacterium becomes e<iual to the bacterio- 
phage, the entire body is invaded and death ensues after a greater or 
less length of time. 

3. TUB HACTKI{IOeirA«B IN TYI’HOID FI3VER 

Several cases of tyjdioid fever of varied severity have been studied 
by the same method as that employed in bacillary dysentery. Fourteen 
of these were in tluj Pasteur fIospit;iI for treatment, and of these the 
stools w(jre examined at least once a day tliroughr>v.'i, the course of the 
disease and during convalescence. Fourteen more, under treatment 
in other hospitals, were followc<l with somewhat fewer examinations. 
In all of the charts which follow, the following data are presented; — 
in (he upper i)ortioii is the curve showing tlio temperature; in the lower 
portion there are three t raftings, (I) in •lotted line, showing the curve 
of the virulence of the bacteriophage for B. coli, (2) in broken line, 
showing the virulence of the bacteriophage for an old laboratoiy strain 
of B. typhosiia, a stniin which h.as undergone a great many transfers 
on laboratory media (this same strain was used in all the cases studied), 
and (3) in solid line, indicating the cur\'e of vinilonce of the bacterio- 
phage for the strain of B. l!ipho!<ns from the patient himself, isolated 
either by stool culture or by blood culture. 

In order to use bacilli as comparable as possible with those found in 
the body of the patient the strains were transplanted as infrequ^tly 
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as possible. In each case an agar tube was inoculated with a colony 
taken from the primaiy culture, and each time that a fresh culture was 
needed for the preparation of suspensions against which the filtrates 
containing the bacteriophage from the patient were to be tested, it was 


Mane Mo. . . 



Chart 6. Marie Mo (55 years) CLimcAfcLY, Typhoid Fever 

B. typhosus-*-^-* — 

B. eoli 

Virulence for B. paratyphosus • 

B. paratyphosus B — 

[ B, dysenteriae Shiga- 

alwa^^s taken from this tube. In this way, the bacteriophage through- 
out the course of the disease was tested against a culture as nearly 
constant as possible, uniform especially from the point of view of the 
resistance of the bacterium. 
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For the first three curves only (charts 6, 7, and 8) the organism of 
the patients had not been isolated (they had fevera which appeared 
benign) and the curves of the virulence of the bacteriophage against 
the bacillus of the patient is, of course, lacking. For these three cases 



B. typhosus-^ 

B. paralyphosvn A 

Virulence for B. colt 

B. paratyphosus B 

B, dysenteriae Shiga ---- — - 

the virulence of the bacteriophage against a Shiga dysentery strain, 
and against the paratyphoids A and B are given. 

We will select as examples cases of different severity. 

1. Mild infections 

These were cases of typhoid fever or paratyphoid fever running a 
mild course. Clinically they were typhoid fever but the blood and stool 
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cultures were negative. The curves for thesje three cases aie given 


herewith. 

1. Marie Mo (fifty-five years, chart 6). 

2. Louis Pi. . . • • (seventeen years, chart 7). 

3. Frangois Jod (thirty-four years, chart 8). 



Chart 8. I'KANgoip .Joi> (34 years) Clinicari.v, Tymioid Fever 

/i. typhostis 

B, coll 

Virulence for B, paratyphosus A 

B. paratyphosus B 

B, dysenteriae Shiga- • 

In these cases the virulence of the intestinal bacteriophage was 
determined for B. colij B. typhoms, B. paratyphosus A and By and B. 
dysenteriae Shiga. It is needless to comment on these observations^ 





Ren^e Mar, . . ' TVf*<»‘<* 
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since examination of the curves is more instructive than would be an 
explanation. 

What is the causative bacillus in each of these three cases? It is 
indeed difficult to make a diagnosis by means of the bacteriophage, 
which as we have seen, but rarely develops a single virulence. 



Chart 10. Juliette Ou (36 years) Typhoid Fever (B. typhosus) 

B, typhosm from the patient 

Virulence for B, typhosus^ stock culture 

^ jP. coli 

*‘x” Convalescence 


This virulence extends to other bacteria of the same group to a more 
or less marked degree, and this fact is particularly in evidence when 
working with the representatives of the colon-typhoid-paratyphoid- 

dsrsentery group. It appears, however, in the case of Louis Pi 

t^t the causative bacillus must have been the typhoid bacillus, with 

Marie Mo B. paratyphasvis A, and in Francois Jod 

B. paratyphosus B. 

It should be noted that in these three cases in which improvement 
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Chart 11. Jeanne Del. .... (20 years) Ttphoid Fever (B. typhosus) 

' B. typhosus from the patient 

Virulence for ^ B. typhosusi stock culture — 

B. coli 
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was rapid, the curves representing the virulence of the bacteriophage 
are comparable. It is also to be noted that in all, the accessory viru- 
lences for li. dysenteriae Shiga.aad for B. coli are very high, and that the 
acquisition of virulence for B. typhosus and B. paratyphosus A and B 
is early and is maintained up to the beginning of convalescence. In 
the case of Louis Pi the abrupt deflection in virulence on the 



Chaut 12. Gilukutb Fon (4 years) Typhoid Fever (i?, lyphosvs) 

I B. typhosus from the patient 

B. typhosus y stock strain 

B. coli 

Condition serious 

twenty-second day preceded a slight relapse which occurred on the 
twenty-fifth to the thirty-second day. This complication did not 
prove serious since the virulence of the bacteriophage increased gradually 
from the twenty-third day. 

2. Severe infections 

The three cases to be cited here were serious, with both stool and blood 
cultures positive. All were infected with B, typhosus. 
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1. RenSe Mar (thirty-two years, chart 9). 

The bacteriophage was from the beginning virulent for B. coK and 
remained so during the course of the disease, throughout convalescence 
and up to the time when the patient was discharged from the hospital 
completely cured. It may be noted that the acquisition of virulence 
by the bacteriophage for the bacillus of the infection coincided with the 
first defervescence. Then this virulence became reduced and the tem- 
perature again went up. The infection was definitely overcome at the 
time when this virulence was again established. 


2. Juliette Ou (thirty-six years, chart 10). 

3. Jeanne Del (twenty years, chart 11). 


. The curves for these cases are sclf-e.xplanatory.- 

S. Typhoid fever with relapse 

1. GilberteFon (four years, chart 12). 

On the sixteenth day the disease appeared ended. However, the 
virulence of the bacteriophage toward the bacillus of the patient dis- 
appeared before tlic end of the crisis and the destruction of the path- 
ogenic bacteria was not complete. Whereupon there was a relapse, 
very severe, which did not show improvement until the bacteriophage 
recuperated with a virulence sufficient to control the resistance of the 
bacterium. 


4 . Typhoid fever of extreme severity 


1. Andree Dess (thirty years, chart 13). 

2. Jeanne Cot (twenty-four years, chart 14). 


In those two cases strains of B. typhosus were isolated at different 
times during the course of the disease. These bacilli presented a marked 
resistance to the action of a very active strain of Typhoid-bacteriophage 
and lost this resistance only after about ien transfers on agar. It is 
to be noted that at their isolation from the body these bacilli were inag- 
glutinable (this fact has frequently been observed) and that they did not 
become agglutinable until after a scries of subcultures. This transitory 
inagglutinability is, as we have seen, associated with resistance to the 
action of the bacteriophage. 

l<]xaniination of the curves shows clearly the struggle which was car- 
ried on within the organism between the bacterium and the bacterio- 
phage and the repercussions of this campaign upon the state of the 
patient. 
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Chart 13. Andb^b Dess (30 years) Typhoid Fever (B. typhosus) 

B, typhosus from the patient 

Virulence for - B. typhosus^ stock strain— ——— 

B. coli . • . . 

Convalescence 



Ihaet 14 . Jbann? Cot vi» years; itphoid 

B. typhosus from the patiesl 
Virulence for • B. typhosus, stock strMn--- 
^ B. colt .... 

"x" Convalescence 
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We find then in typhoid feVer,— an intestinal infection complicated 
by a septicemia the same facts as seen in bacillary dysentery. 

The virulence of the bacteriophage isolated from the stools of the 
typhoid patient is not limited, in general, to a single pathogenic bacillus; 
at one and the same time it extends, in some degree, to some or all of 
the bacilli of the colon-typhoid-dysentery group. This fact is partic- 
ularly noted in mild cases or those of average severity. In the severe 
cases the bactericidal action is more specific and is often limited to the 
specific pathogenic organism and to B. coli, the latter always being at- 
tacked. In certain very severe cases the specificity becomes such that 
up to the beginning of actual improvement only the bacillus isolate^, 
from the palicnt is attacked, whether it has been secured by stodl*<^if^> 
by blood culture, to the exclusion of other bacilli, taken either from» ^[|y>, 
laboralory cultures or from strains recently isolated from other patiei^lpt 
It seems, then, th.at in the course of their struggle each of the two 
organisnus present,' — bacteriophage and bacterium— acquires an indi- 
vidual personality, which differentiates them from other organisms 
of the same species rendered banal as a result of cultivation. 

In addition to 28 non-fatal cases which were .studied in order to deter- 
mine the influence of the bacteriophage on the course of tlie disease, 
three fatal ca.ses were observed. In these three cases, at no period of the 
•liseaso could the presence of a bacteriophage be demonstrated active 
for B. lypho-sus, either for a stock strain or for the bacillus from the 
patient. Furthermore, examination of the s( rains from the intestinal 
contents from five individuals who had died of typhoid fever failed to 
show any activity for the typhoid bacillus. But the bacteriophage was 
not entirc'Iy aksent, since in six of theoe eight cases a bacteriophage of 
infKleiate activity for the colon bacillus was found. This bacteriophage 
did not, however, show any activity for the pathogenic organisms. 
Death in tj'phoid fever results, usually, because of a failure of tiie bac- 
teriophage to adapt itself to the bacteriophagy of the invading bacillus. 

May death occur because of the acquisition of a resistant condition 
by the typhoid bacillus, \\hich protects it from the action of the bac- 
teriophage, as we have seen in the ca.se of dysentery? There has lieen 
no opportunity to establish this up to the present but it is the more 
probable, since, in vitro as in vivo, the tendency toward resistance is 
certainly more marked in the typhoid bacillus than for B. dysvnteriae. 
In any case, this cause of death is certainly the exception, even in 
typhoid. It must necessarily accompany a septicemia when it occurs. 

in typhoid, as in dysentery, the investigation of the virulence of the 
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bacteriophage is of i)rc)gnostic significaoce. It is sufficient to test 
simultaneously the vimlence of the 'intestinal bacteriophage of the 
patient for coliy for the pathogenic bacillus taken from the patient, 
and for a stock culture of li, typhoms. A comparison of these three 
results furnishes the information desired. The detection of resistance 
in the pathogenic bacterium would indicate a poor prognosis, and that 
in proportion as the resistance is the more pronounced. The establish- 
ment of a refractory state in the bacterium, resulting in the formation 
of a mixed culture in the intestine accompanying a septicemia, implies a 
fStal outcome and suggests that death will not be long delayed. 

If we consider all of the data which have been presented with refer- 
<0 ^e relation of the bacteriophage to typhoid fever, we may 
^^^cunariae the results somewhat as follows: 

all of the cases of typhoid fever studied, whatever may have been 
Iffeir severity, the appearance in the intestinal bacteriophage of a 
virulence for the pathogenic bacillus has been i^recedcd by an increase 
in virulence for B. colt. 'Fhis has always begun in the course of the 
second week and has vai^idly attained great intensity. This activity 
was maintained during the entire course of the infection and appreciably 
decreased only during convalescence, sometimes even later. On the 
contrary, the de\clopment of a virulence for the pathogenic bacillus 
has varied according to the severity of the disease. In cases that were 
mild or of average severity the activity of the bacteriophage for this 
baeillus appeared before* the end of the second week and disappeared 
toward the end of conv.desceneo. The aetiviiy for B. colt and for B. 
(ypho-^its is, in these cases, i)arallel. In the severe cases an activity for 
the ty[)lioid bacillus only began to manifest itself in an energetic man- 
ner to^^i^rds the beginning of definite improvement. It persisted for a 
greater or less length of time, in some cases up to the middle of the period 
of convalescence. 

In the forms with relai)se ami recrudescence the struggle was com- 
plicated by the fact of the acciuisition o- a resistance by the bacteria, 
and it was only toward the cU'clino of this relapse that the virulence of 
the bacterioi)hage was suflicient to definitely control the resistance of 
tlic baiderium. Hero, the m*ti\ity of the bacteriophage was main- 
tained up to complete recovery, that is to say, uj) to the moment when, 
because of a total destruction of the })athogenic bacteria, the bacterio- 
phage was no longer able to <levolop at their expense. 

In all cases, the condition of the patient faithfully registered the 
vicissitudes of the struggle taking place within the body between the 
bacteriophage and the invading bacterium. 
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A number of authors, basing their opinions on their own studies, 
have taken exception to these conclusions. They have filtered a speci- 
men of stool taken from a person at any time during the convalescent 
period, they have combined this filtrate with any typhoid bacillus that 
happened to be available, and they have found that the filtrate was 
inert. From such a study they concluded that their observations did 
not support my conclusions. Most assuredly their results did not con- 
form to mine, nor did their procedure resemble the method which ! 
employed. I have, upon several occasions, insisted upon the mode of 
procedure to be followed by those who wish to correctly disclose the 
facts, and if I have insisted on this, it is simply because I am convinced 
that to follow any less exacting method is to invite precisely those errors 
which have been committed, together with the faulty deductions con- 
sequent to them. It is only necessary to consult the curves presented' 
above to see that, in the majority of cases, the bacteriophage does no^ 
retain its virulence for the pathogenic bacterium. Immediately after 
the in vivo bacteriophagy is completed the virulence disappears. Fur- 
thermore, we know very well that B. typhosus is a heterogeneous species 
as regards the bacteriophage, and to take any strain of this bacillus at 
all in order to determine whether the race of bacteriophage present in a 
patient is virulent for B. typhosus is simply to confess that the nature 
of the phenomenon of bacteriophagy is not too thoroughly appreciated. 

There is but a single method which will allow one to determine the 
behavior of the bacteriophage in the course of disease in general and 
in typhoid fever in particular, and that method consists in the daily 
collection of specimens of Oie stools of the patient, from the beginning of 
the disease up to the end of convalescence, and in combining fiUraies of 
the specimens so obtained ivith cultures of the pathogenic bacterium isolated 
from the patient himself at the beginning of the disease. 

To work in any other way, and then declare that the results do not 
agree with mine, is to beg the question. 

One author only has applied this rational method to his studies, and 
that is Hauduroy.*®* 

As this question of bacteriophagy in vivo is of fundamental importance 
in its bearing on the new conception of immunity, I am inserting here, 
in extenso, some of the statements made in Hauduroy’s paper. He 
states: 

It is not possible to reproduce here all of the curves and all of the observations 
which I have made. I shall content myself with recording a few selected cases 
taken from among those which seem to me to be the most typical. 
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Considering the cases from the point of view of the time when the bacteriophage 
in the stools, and on the manner in which it remained there, the obser- 
vati<mB may be divided into two groups. 

Gl^p One: 

Case Go. J Mrs. Go. J. (chart 15), aged 33 years, entered the^hospi- 

tal on April 21. The disease began 8 da3rs before admission, the symptoms being 
fever, anorexia, insomnia, and head-ache. Upon admission the abdomen was 
but slightly distended, and not painful. The tongue was coated. The heart 
sounds were normal; the pulse of good quality. A blood culture yielded B, 
l^fphoBws. The curve which is reproduced here shows in parallel the temperature, 
»and the virulences of the intestinal bacteriophage for the typhoid'strain from the 
patient^ for a laboratory strain of B. typhosus^ for a colon bacillus, and for a 
strain of & dyaenteriae Shiga. 

In brie), the case was one of typhoid fever of a moderate severity, in which it 
was possible to demonstrate a lytic principle active for the infecting bacillus 
throughout the entire course of the defervescence. 

CaseMa . . . Mr. Ma . . . aged 34 years (chart 16), entered the hospital 
on April 23. For the past two weeks he had complained of head-ache, pains in 
the lumbar region, a general fatigue, and for the past 8 days he had had some fever. 
Upon admission to the hospital the abdomen was neither tender nor distended. 
The symptoms of typhoid fever were not severe. Vomiting was frequent. Hose 
spots were present. The pulse was good. 

The case was one of typhoid fever of moderate severity, in which it was possible 
to demonstrate a lytic principle active for the bacillus causing the infection. 
This lytic principle was present throughout the entire period of the defervescence. 

Other illustiative cases of this type might be included, but they would simply 
duplicate the two cases which have been presented. 

A consideration of this hrst group permits the following conclusions: 

In a certain proportion of typhoid fever cases, at the same time that the dis* 
ease shows regression, when the temperature falls, one may find in the stools of 
the patient a lytic principle (the bacteriophage) which vitro destroys the in- 
fecting bacillus. This lytic principle is of maximum activity, in general, at the 
time when the period of defervescence begins. Often, when the temperature has 
reached normal, the lytic principle disappears. In our observations we have not 
found any definite relationship between the lytic power of the bacteriophage for 
the infecting bacillus and its lytic power for ^he stock strains of the bacteria 
which were tested. 

Group Two: 

Case Fe . . . (chart 17) Mrs. Fe. entered the hospital on April 21. She had 
been sick for about 9 days. Rose spots were present. The pulse was good. The 
blood culture yielded B. typhosus. Chart 17 shows the observations made. 

To summarize this case: A patient having a moderately severe typhoid fever, 
in which, at one time there appeared in the stools a bacteriophage very active for 
the bacillus causing the disease. This bacteriophage disappeared almost imme- 
diately, and it was impossible to discover it again. The beginning of convales- 
cence coincided with the appearance of the bacteriophage. 

There is no point in presenting any further cases of this same type, for they 
add no new points of interest. 
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All of the cases discussed up to this time have eoded in a complete recovery 
without complicating incidents. A number of the other oases have showed re- 
lapses, and the charts of all of these resemble the one which follows. In some of 
the cases a relapse has only been threatened; cases in which the temperature, once 
become normal , has showed a tendency throughout a few da3rs to rise again. But 
despite this event, recovery took place without any serious complications. ' Chart 
18 is illustrative of a ease of this type. 

These observations of Hauduroy agree in all respects with those which 
I have reported. • 

Typboid fever is not a purely intestinal infection as is dysoatal^j*. 
In the latter it can be understood how, when all of the pathogeni# 
bacteria of the intestine or of the mucosa, that is, those in proxinuts'’ 
to the bacteriophage corpuscles, have been destroyed the disease en^ 
ipso facto. In typhoid fever there is in addition a septicemia and eyeh 
though the destruction of the bacilli contained in the intestinal contents 
is sufficient to delay the appearance of the disease or to restrain it from 
the beginning, it may not be adequate to overcome the infection once 
the pathogenic bacilli have invaded the organism. 

In the last chapter we learned that the “products resulting from 
bacteriophagy” are possessed of an extremely potent opsonizing power. 
For example, we may precipitate a suspension of the IVpl^oid-bacterio- 
phage by the addition of four volumes of 96 per cent alcohol. Wo allow 
this precipitate to remain in contact with the alcohol for 48 hours, a 
period adequate to ensure the complete destruction of all of the bacterio- 
phage protobes. One centigram of this moist precipitate is dissolved 
in 10 cc. of saline. If, with this, we deteimine the opsonic index, we 
find that the leucocytes become so loaded with typhoid bacilli that it 
is quite impossible to count the number of organisms ingested. The 
opsonic index found is certainly higher than 50. It is possible that these 
“products of bactoriophagy,” occurring in the intestine as the bacterio- 
phage acquires a virulence adequate to dissolve the typhoid kacilli, 
may be re.sorbod and pass into the circulation, thus assuring a destruc- 
tion of the bacilli through a phagocytic process. 

On the other hand, as we know, the bacteriophage docs not remain 
strictly localized in the intestinal tract; at times it passes into the 
circulation. 

Inasmuch as I have not had an opportunity to make studies on the 
blood of patients, I have been forced to study the experimental disease 
induced in rats by the ingestion of particularly virulent strains of B. 
typhi murium . In these examinations I have found that evety time 
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one of the rats survived the infection consequent to the ingestion, 
and survival is relatively frequent , — 1 could demonstrate in the blood, 
rempved by heart puncture on the 4th to 6th day after the infecting 
meal, a bacteriophage virulent for the pathogenic bacterium.*^ • 

From these experimental studies I concluded that it is quite probable 
that a similar event occurs in human typhoid fever. 

Beckerich and Hauduroy®^ were the first to demonstrate the presence 
of it bacteriophage virulent for JB. typhosus in blood cultures which failed 
tq^^give a growth of the typhoid bacillus. ‘Following this observation, 
3p|iuduroy*®^ systematically studied the question of the passage of the 
^IJ^cteriophage into the circulation during the course of typhoid fever, 
.lisis objservations were made on cases with positive, as well as those 
r^with negative blood cultures. I am inserting some of his conclusions 
jftcfenso. 

Cases with Negative Blood Cultures, 

The table given below summarizes the results obtained in a series of cases 
of this type. 


Fo. 

Tr. 


Ri. 




NUMBBU 

OF PAHSAGBS 

Sactvbia bubjsctbd to tbst 


rATfBNT 

MAI>E WITH 
TUB FII.TKATB 
OF THE BLOOD 

B. tUph09U8 

B. coli 

B. djfwnteriae 
Shiga* 


5 

Lysis 

Lysis 

Lysis 

Lysis 

Lysis 

Lysis 

No lysis 
No lysis 

No lysis 
No lysis 


5 


6 

No lysis 
N-o lysis 

No lysis 
No lysis 
No lysis 
No lysis 


4 


2 

No ly«’s 


2 

•NO lysis 




* All of the bacterial strains used in this study were laboratory strains known 
to be susceptible, ^ 


Here are the curves showing the temperature reactions of two of these cases. 
The time at which the blood was collected wb'.cn later showed the presence of a 
bacteriophage active for B. typhosus is indicated. 

Case Tr The blood culture was negative. The bacteriophage was 

found in the blood at the moment when the patient showed a true crisis; at a 
time when the oscillations in the temperature were very considerable. Upon 
the day following that when the blood yielded a bacteriophage convalescence 
began. 

Case Bi This patient had a typhoid fever of the abortive type. 

Admission to the hospital occurred on the 3rd day of the disease, and on the 7th 
day defervescence was complete. A blood culture taken on the 11th day was 
negative, but the blood at this time contained a bacteriophage very active for 
the typhoid bacillus. We will have occasion to mention the bacteriologic findings 
on this patient again, for they are of very great interest. 
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Case Lcr , whose chart is not given, also gave a negative blood culture. 

Here, again, the blood contained a bacteridphagc at the time when the patient’s 
temperature began to fall. The fall in temperature was gradual, and continuous, 
and convalescence occurred without incident. 



Chart 19. Case Tr Clinically, Typhoid Fever 

The blood culture was negative; the bacteriophige vras present 
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Chart 20. Case Rf Clinically, Typhoid Fever 

The blood culture was negative; the bacteriophage was present 

We may summarize the findings on this group of cases by saying that very often 
the blood cultures in typhoid fever are negative at the time when defervescence 
begins; and that when a bacteriophage is found in the blood stream of these cases 
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with a negative blood culture, the temperature always falls during the following 
days. 

Why is it that the filtrate from a blood which contains the bacteriophage fails 
to cause a dissolution of the typhoid bacilli without further treatment? As a 
matter of fact, experience shows that it toay be necessary to make 2, 4, or even 6 
passages before a complete dissolution of the typhoid bacillus will take place. 
But, in these cases with a negative blood culture, the bacillus under test is the 
organism of a stock laboratory strain, and it is not particularly astonishing that 
the virulence of the bacteriophage may have to be enhanced before a macroscopic 
effect can be observed. 

•--4* is also pertinent to observe that the lysis which occurs is specific. That is, 

' it takes place only with B. typhosus and not with the related organisms B, coli 
a]ad B. iyaenteriae Shiga. 

,,, In bi^ef, then, it is possible to find in negative blood cultures taken during the 
/^Jiater stages of typhoid fever a bacteriophage dissolving in a specific fashion the 
^^vj^^phoid bacilli of a laboratory stock culture. The lysis is not obtained by a 
i^imple contact of the filtrate and the bacterium, but only after a few passages 
^ with intervening filtrations. 

Cases with Positive Blood Cultures. 

In the table below are listed some of the cases which gave positive blood cul- 
tures. The manner of testing the filtrates of the blood, and the organisms against 
which they were tested, are the same as in the preceding group. 


P.\TIENT 

NUMBER 

OP PASSAGES 
MADE WITH 
THE BLOOD 
FILTRATE 

BACTERIA SUBJECTED TO TEST 

B. typhosus 

B, coli 

B, dysenteriae 
Shiga 

Se 

7 

Lysis 

No lysis 

No lysis 

Be. L 

8 

Lysis 

No lysis 

No lysis 

Du. G 

8 

Lysis 

No lysis 

No lysis 

Be. A 

6 

Lysis 

No lysis 

No lysis 

Go. J 

G 

Lysis 

No lysis 

No lysis 

Go. A 

6 

Lysis 

No lysis 

No lysis 

Th 

0 

Lysis 

No lysis 

No lysis 


6 

Lysis 

No lysis 

No lysis 

Ba 

G 

Lysis 

No lysis 

No lysis 


Considering the data afforded by this group of cases it is obvious that in casQS 
yielding a positive blood culture, near the end of the septicemia a bacteriophage 
may alw’ays be found which is able to dissolve the typhoid bacillus. 

At first sight, a result of this type would seem to be paradoxical. But let us 
consid(^r the facts in somewhat greater detail. The correlation of the available 
data ma> permit us to understand and interpret such a situation. In the first 
l)lace, is there any relationship between the temperature of the patient, the posi- 
tive blood culture, and the presence of the bacteriophage? 

Let us select from among our cases but one as an example, that of patient Go. 
A and examine it from this point of view. 
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The temperature chart of this patient is here given. 

From this chart we see that the blood culture taken on the 25th, when the tem- 
perature was still above 38®C., was positive, and that within 2 or 3 days convales- 
cence became established. This has been a common observation in all of our 
cases; they have all showed the same thing. Every time that the blood has 
yielded a typhoid bacillus and at the same time a bacteriophage active for the 
typhoid bacillus (another strain) we have observed a very definite fall in the 
temperature within a few days after the blood culture was taken. 

We know from common experience that blood cultures are sometimes positive, 
sometimes negative, at the end of the second week, and especially during the third 
week. Correlating the results obtained in the two groups of cases report^ 
above, those with, and those without positive blood cultures, we findr that 
variably before, or during, the fall in temperature a bacteriophage ofin be en- 
countered in the blood stream. Unfortunately, we have not been able to procure 



Chart 21. Case Go, A Typhoid Fever 

The blood culture yielded both a bacteriophage and B. typho^u^i 

specimens of blood at the onset or during the incubation period of the disease, 
because of circumstances beyond our control, chiefly the fact that patients do 
not enter the hospital until late in the disease. 

As stated above such results appear paradoxical. It is quite logical to find 
a bacteriophage in a negative blood culture, but it seems illogical to find it in the 
positive blood culture cases as well. As a matter of fact, this contradiction is 
more apparent than real, and the following observation, we believe, opens the 
way to an explanation. 

In the case of the patient Ri , of whom we have spoken above, we find 

that the patient entered the hospital on the 3rd day of the disease, that on the 7th 
day defervescence began, and that on the 11th day the blood was taken for exami- 
nation. This blood culture was incubated, and daily examinations were made by 
removing stcrilely a drop of the culture, spreading it on a slide and staining it. 
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The ^tkined smear prepared on tke^d day of incubation showed microscopically 
a few bacilli having the morphology and tbe staining reactions of the typhoid 
bacillus. On the third day they were also found, in slightly increased numbers. 
The number found in the successive smears continued to increase up to the 6th 
day, and from that time on it progressively diminished. By the 10th day it was 
impossible to find a single organism in several smears. Meantime^ at no period 
was it possible to obtain a growth of the organisms seen microscopically upon 
either solid or liquid media. When this culture, which we would term negative, 
was filtered the filtrate readily yielded a race of the bacteriophage which was 
very active for B. typhosus. 

Wha^;happened here? Apparently, in taking this blood culture we withdrew 
from the blood stream of the patient both the bacterium of the disease and a bac- 
teriophage capable of destroying this bacterium. The process occurring in 
vitro which we have witnessed on the slides probably takes place in vivo also, 
undoubtedly with greater rapidity. This would explain the temporary 
>)ccurrenGe of bacteria, their disappearance, and the impossibility of securing 
a positive blood culture at all times. 

Is it not possible to consider this blood culture as being intermediate between 
a positive culture and a negative culture? Had it been taken a few days emrlier 
it would have been positive. But in the interim, the struggle which has taken 
place between the bacterium and the bacteriophage has turned the tide to the 
advantage of the latter. A few days earlier this had not occurred, either because 
the bacteriophage at that time was not sufficiently active, or because the bac- 
terium had then an adequate resistance. As a matter of fact, in a series of his 
communications on the subject of bacteriophagy, Gratia has shown that a pure 
culture of a bacterium may be dissociated from the point of view of resistance to 
the action of the bacteriophage. Mutations, reversions in particular, are possi- 
ble. Thus, it is easy to conceive that a resistant bacterium may give birth to 
susceptible organisms, and it is probable that such reversions take place with 
particular facility within the body. 

Had the culture been taken a little later, — a few days or cven a few hours, — it 
is possible that an in vitro destruction the bacterium might not have occurred* 
for a bacteriophage might have by then disappeared from the circulation. 

The paradoxical situation to which we called attention above, is, therefore, 
only an apparent contradiction. In all blood cultures made prior to the fall in 
the temperature the bacteriophage may be found. The culture is positive, or 
negative, according to whether the specircou is removed before or after the 
destruction of the bacterium by the lytic principle. 

With these facts at hand, there are still two points which are of very definite 
interest from the point of view of the study of bacteriophagy. In the first place, 
we should be quite sure that there is not a bacteriophage present in the blood of 
the normal healthy individual as well as in the blood of the diseased. And in the 
second place, we arc interested in determining whether this lytic principle is, in 
fact, identical with the bacteriophage of dTIerelle. 


* It should be remembered that we are here speaking of the culture strain in 
an artificial mixture of filtrate and bacteria. 
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In order to gain information on these two points we have procured blood by 
venepuncture from a group of 11 apparently healthy individuals. In nonfe of 
these did we ever succeed in demonstrating a lytic principle. 

We have also examined the blood of various domestic animals,— sheep, chick- 
ens, and horses,-— and in healthy animals of all of these species a lytic principle 
has never been found. 

And finally, in order to afford an additional check on the results reported above, 
we made examinations of the blood of persons suffering from diseases other than 
typhoid fever (2 cases of tuberculous meningitis, 2 cases of pulmonary tubercu- 
losis, and a number of cases of various infectious diseases). In no case could a 
lytic principle active for B. typhosus he disclosed. r. 

With reference to the other point at issue, it should be stated that the jBltrate4 
which gave the d*Herelle phenomenon were subjected to the following tef^ts: 

First, serial transmissibility of the action: .1, , 

Second, susceptibility to heat inactivation, with the possible reactivation-^ V 

The lytic principles which we recovered from the blood stream of our patienti^: 
showed differing susceptibilities to heating, the sensitivity being related tpi 
virulence of the principle. Most of them were inactivated at 70°C., a few at 
temperatures between 75 and 80°C.* Reactivation was always possible. 

Third, the formation of clear plaques on agar slants. 

The fact that the principles found by us in these cases conformed in all of these 
respects to the reactions induced by the bacteriophage clearly proves that they 
were, indeed, races of the bacteriophage with which we were working and not some 
bacteriolytic property of the serum as we have been accustomed to conceive the 
latter. 

I may add that I have never found in the blood the bacteria-dissolving princi- 
ple, not bacteriophagous in nature, which has been reported to be present in 
stools, t 

Such arc the conclusions of llauduroy, and he ends his discussion 
in these words: “We can not sununarize our observations bettor than 
to borrow from d^IIerelle one of his conclusions, namely, that in every 
case (of typhoid fever) the condition of the patient registers faithfully 
the fluctuations in the struggle taking place wdthin the body between the 
bacteriophage and the invading bacterium.^' 

I may contribute something to one point brought out in the studies 
of this author. I have had an opportunity to e.xamiiie four blood 

* Heating in an open tube for 5 minutes. 

I I have noted in the stools of cholera convalescents, and even in those of 
persons who have received injections of heat-killed cholera vibrios®*^ a principle, 
oi ferment nature, capable of dissolving the cholera vibrio. llauduroy has found 
this same fermenting principle in the intestinal tract in patients convalescent 
from typhoid fever. Most certainly this principle is derived from the body of the 
patient, and has nothing in common with the bacteriophage (it Is effective in pro- 
portion to its concentration; its action is not transmitted in series). Surely it 
plays some r61e in immunity, and offers a problem worthy of study. 
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cultures taken during the first week of t3rphoid fever. All four were 
positive for B. typhosus, but in none of them could I detect a bacterio- 
phage. In making the tests I combined the filtrates pf the blood with 6 
different laboratory strains of B. typhosus and with the strains isolated 
from the stools of each of the patients. In each instance 12 consecutive 
passages were made. Examinations made of the intestinal bacterio- 
phage in these four cases showed that in no instance did it possess any 
virulence for B. typhosus, either for the stock culture strains or for the 
strains isolated from the blood or from the stools. 

Of 5 cases in which positive blood cultures were secured during the 
second week of the disease, four contained no detectable bacteriophage, 
•but from the fifth case, on the contrary, I isolated a bacteriophage 
virulent for the strain of B. typhosus procured from the stools four days 
prsviously. In the first four cases I was unable to show that the in- 
testinal bacteriophage had any virulence for B. typhosus of any strain 
whatever. In the fifth, the race of bacteriophage present in the intestine 
had a moderate virulence for the strain isolated 4 days previously from 
the stools. 

It seems, then, that the presence of the bacteriophage in the blood 
may lie correlative to its acquisition of virulence in the intestine. 

In another communication on the same subject’®* Hauduroy presents 
the following observations, which tluow some light on the fact, ap- 
parently paradoxical, of the poasible presence of the bacteriophage in a 
positive blood culture. In the course of his investigations he secured, 
quite by chance, blood cultures in three cases at a time which, although 
the temperature was then between 39 and 40°t) , liappened to be almost 
immediately before defervescence began. In these three cases the fall 
in temperature was abrupt and the patients recovered without incident, 
'rhe lilood cultures were placed in the incubator and were examined 
daily for several days. After 24 to 48 hours, he found that all three 
contained organisms, — ^motile. Gram -negative, morphologically to all 
appearances B. typhosus. Two or three days later these bacilli had dis- 
appeared. It was imiiossible for him to find a single bacterium,* and 
search for the bacteriophage yielded a race extremely active for B. 
typhosus. As Hauduroy remarks, the blood cultures in these three 
cases \.'ere temporarily positive. 

In brief, we may say that in a blood culture containing both B. 
typhosus and the bacteriophage, the result of the culture depends upon 

* The observation of Eliava, mentioned in the Introduction to this text, rela- 
tive to the disappearance of the cholera vibrios from cultures made of the water 
of the Koura river, may be recalled in this connection. 
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the virulence of the last and upon the capsccity of the first to develop a 
resistance. If virulence is the factor which prevails, the bacteria are 
bacteriophaged, as in the three cultures mentioned above; if the resist- 
ance dominates, a mixed culture is formed. ‘ 

Another fact of ^ual importance may be deduced from the results 
reported above, and that is, that the adaptation of the bacteriophage 
appears to be accomplished more readily and more rapidly in vim than 
in vitro. This situation is readily eomprehended. In vitro, the bac- 
terium has to struggle against the bacterioph^e only; in vivo, tiiis 
struggle is superimposed upon the attack which the body itself makeup 
and certainly the body is not passive. Phagocytic processes, in partior 
alar, must enter into the struggle, and we have already emphasized 
the potency of the "products resulting from bacteriophagy” as regards 
opsonic action. 

The conclusion of all of these studies is that recovery in typhoid 
'fever, as well as in the paratyphoid fevers, is caused by an adaptation 
*of the intestinal bacteriophage to parasitism of the pathogenic bacterium 
and by the in vivo bacteriophagy which results. In lyphoid fever, as 
in dj^entery, the reactions of the body itself seem to liave but a second- 
ary influence in the processes of recovery, an influence which is limited 
to favoring the action of the bacteriophage. 

As for the deaths which occur from typhoid fever (excluding the com- 
plications, such as intestinal hemorrhage) we have seen that these result, 
either because of an inertia of the bacteriophage or because the bacterium 
has a chance, and a capacity, to acquire a refractory state. This re- 
fractory state results in the formation of a mixed culture in the body, 
and recent studies indicate that in such a ease there may be a formation 
of "ultrabacteria” of B. tyyhosm, with an invasion of all of the organs 
by these filtrahle forms. 

Friedberger and Meissner* jnoculated^some fragments of the organs 
of patients who had died of typhoid fever into the peritoneal cavity of 
guinea pigs. They then made a scries of passages by inoculating into 
the peritoneum of each new guinea pig a fragment of the brain (or of 
any organ) of the preceding pig. From the second passage on it was 
impossible for them to disclose any bacteria of any kind in the organs 
of the sick guinea pigs, nevertheless, these organs were infected, since 
the disease was transmitted serially. (Cultures of these infected organs 
gave no growth on the usual media. 

♦Friedberger, E., and Meissner, G. — Zur Pathogeneso der cxperimentellen 
Typhusinfektion, Klin. Wchnschr., 1923, 19, 403. 



BEHAVIOR OF BACTHRIOPHAaB IN DISEASE 479 

i 

^Feigin*®***®* has recently r^orted some experiments showing that the 
'‘invisible virus” of Friedberger and Meissner is i<n^ing other than the 
filtrable form which B. typhosus asstimes wheh iri symbiosis wil^ the 
bacteriophage. 

The action of the bacteriophage in disease is vefy complex, and we 
will be the more convinced of this as we study other diseases, but what- 
ever may be its mode, or modes, of action, the whole pathogenesis of 
the disease and its issue are determined by the behavior of the 
bacteriophage. 

^ 4. THE BACTERIOPHAGE IN AVIAN TTPHOSIS 

Avian typhosis is a disease affecting principally the Gallinaoeae. 
Despite its frequency it for a long time remained undetected, confounded 
with chicken cholera. This last disease is, in reality, very rare. In 
1919, in investigating epizootics for the purpose of testing on domestic 
animals, which allow of experimentation, the conclusions reached as 
to the rdle of the bacteriophage in human dysentery and typhoid, an 
extended, focus of “chicken cholera” was found in the Department of 
the Aube. In the first examinations the error which had been made 
became apparent; it was the disease known in the United States as 
“fowl typhoid,” whose existence in France had up to that time been 
unrecognized. Shortly after this numerous foci throughout the sur- 
rounding territory were discovered. 

Fowl typhoid, which will here be called fowl typhosis, is a very in- 
teresting disease. Its study is complicated by the existence of several 
“paratyphoses” which resemble still more the hianan typhoid. The 
pathogenic agent, B. galUmrum Klein, studied by Moore under the name 
of B. sanguimrium, presents, with the exception of motility, all of the 
characteristics of the bacillus of Eberth {B. typhosus). It is even ag- 
glutinated to titre by an antityphoid serum. Aside from this type 
bacillus there are often found, in the : -une foci, bacilli presenting differ- 
ent a^utinative and biochemical reactions. The clinical type of the 
infection which they provoke does not differ from that caused by the 
typhoid type. These differing species of bacteria have up to the present 
been studied only by American workers; Ph. Hadley among others, 
who describes B. puUorum A, B. puUorum B, B. jeffersonii, B. reUgeri, 
and B. pfaffi. A discussion of the distinctive characters of these differ- 
ent bacilli will not be presented here since it would not be garmw-nA to 
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t^ie study with which we are cpneemed.* It is sufficient to know that 
in France in the epizootic of 1919 the most frequent pathogenic agent 
was of the B. galUnarum typo (found in 57 of 73 examinations). Along 
with B. gaUinarum other forms have been found; B. puHorum A (once), 
B. pullorum B (0 times), B, jeffersonii (4 times), and B. pjaffi (4 times). 
In a single focus, of which the centre was found in the village of Trainel 
(Aube), a paratyphosis infection occurred due solely to B. p/ajfft without 
admbeture with bacilli of the true typhosis type. 

The clinical picture hardly varies whatever may be thecauli^e 
bacillus. A typical observation follows. 

On the evening of May 24 the chicken appeared perfectly well. On 
the pioming of May 25 it remained apathetic^y on the ground or the 
poultry-yard and took no measures for its defense. The next <fa.y, 
toward noon, it appeared somnolent, the plumage rough, the eyes haK- 
closed, the crest slightly viole;! colored. It did not eat or drink^'^and 
remained humped up “in a ball.” H’he inspirations were deep, twenty- 
five per minute. There was a greenish yellow diarrhea with portions 
definitely yellow. I’he condition became worse in the afternoon. It 
fell on its side at about 8 o’clock and died a few minutes later. The 
necropsy showed the crest to be violet in color, with spots of the same 
nature over the skin. 'Fhe liver was voluminous, congested, and pre- 
sented foci of degeneration. There was a pericarditis. 

By direct microscopic examination the blood at first api^eared neg- 
ative, but a very careful search revealed three bacilli in a whole .smear. 
The blood and tissues when cultured gave a pure growth of B. gal- 
limrum, and this organism was also found, very abundantly, in the 
intestinal contents. 

Sometimes death occurs more rapidly still, in certain cases in a strik- 
ing manner. Epizootics of avian typhosis have a high mortality. In 
1919 foci existed througliout the extent of France. In geneial, the 
epizootic begins quickly; within the space of three or four weeks a half, 
three-quarters, sometimes more, of the fowls on a fann sucemnb. Then 
. the disease assumes a sporadic character, only an occasional animal 
dying during the course of a year. The disease may disappear for a 
few months and then reappear. The annual mortality amounts to 
forty to seventy per cent of the population of the infected poultry- 

* Readers who are interested in the subject will find much useful information 
in the contribution of Ph. Hadley, The Colon-Typhoid Intermediates as Causa- 
tive Agents of Diseases in Birds. Bulletin No. 174, Rhode Island Agric. Exper. 
Sta., 1918. 
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yards. Young adults are the most susceptible, th«i the old animals; 
the chicks are in general spared. 

fepizootics of typhosis extend rapidly over large areas; certain De- 
partments were contaminated throughout in 1919. The establishment 
of a new focus begins by the importation of the organism from an in- 
fected region, either through the agency of a flock of sheep or herd of 
cattle, or by horsemen (this last mode of dissemination was particularly 
frequent during the war; this explains the extension of the disease during 
the 1917 and 1918). The disease rages for a few days on a farm, 
pas^ to a neighboring farm, and then extends rapidly into, the sur- 
rounding villages. 

The pathogenic bacillus remains alive and virulent during t^veral 
months in the regions where the infection has been epidemic. In several 
tests it. has been shown that an isolated infected chicken-yard, cleaned 
and left unoccupied for six to eight months, still contains virulent bacilli, 
for, when repopulatcd with chickens from a region free of the disease, 
the infection breaks out again within a few days among the new 
occupants. 

Avian typhosis being a disease in general but little known, I-.have 
thought it useful to consider it in some detail, since it will allow us the 
better to understand the facts now to be presented. 

Because of the exceptional severity of the infection in avian typhosis 
it has been possible to follow only four cases which recovered. In all, 
the picture has been identical. In the morning the infected chicken 
remains on the ground, “balled up,” the feathers roughened, and with 
the chanictcristic diarrhea. The appearance is the same as in the fowls 
which succumb. At this stage of the infection examination of the feces 
gives results such as; 

li. gaMnarum, present in abundance. 

Intestinal bacteriophage, virulent for B. coli + (in 2 cases) or -l--f 
(in 2 cases); for B. gaUitmrum 0 (in the four cases). The blood culture 
was positive in the two cases in which it Avas done; the blood for culture 
being taken asoptically by puncture of the crest. 

Durmg the course of the day the condition remains the same as that> 
shown by animals which die. This state is prolonged and the next 
morning the chicken still appears the same, flxamination of the feces 
at this time shows; 

B. gallinarum present in three cases, absent in one. 

Intestinal bacteriophage virulent for B. coli + + + (4 cases); for 
B. gaUinarum -f (in 3 cases) +++ (in 1 case). Towards noon, in 
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one case, in the course of the afternoon in the three others, blood cii^ 
tures were ne^tive. In three cases a bacteriophage active for B. gc^ 
linarum was Wnd in the blood. The blood which was ultrasterile 
was that of the chicken whose condition was the best at this time and 
which had shown no pathogenic bacilli in the intestinal tract in the 
morning. The presence of the bacteriophage in the blood is extremely 
transitory. 

On the mornihg of the third day the animals appeared normal, th^ 
drank a great deal, ate some grain, and the diarrhea was less premise. 
EJxamination of the feces showed: « 

B. gallinarum absent in the four cases. 

Intestinal bacteriophage active for B. coli +++ (4 cases), for‘B. 
gnUinanm +++ (3 cases) ++++ (1 case). Blood cultures were 
negative; no bacilli, no bacteriophage. 

On the fourth day the animals were practically normal. 

In the four chickens which recovered the intestinal bacteriophage 
remained active for B. gallinarum for a very long time. After three 
months it showed the same degree of activity as at the time of recovery. 
In one of them, in which it was possible to make an examination after 
five months, it was still as active as at first. We will see, from experi- 
mental observations that this persistence of virulence depends solely 
upon the fact that the pathogenic bacillus, distributed in profusion in 
the exterior environment, is frequently ingested by the animal and this 
maintains the virulence of the intestinal bacteriophage since it is able 
to grow at its expense. 

The feces of about one hundred chicken-s which had died of avian 
typhosis were examined. In no case was there a bacteriophage active 
for B. gallinarum or for any of the bacillary agents of the paratyphoses. 
Neverthelc.ss the bacteriophage had been present for it could be dis- 
closed (91 times in 97 examinations) because of the activity shown for 
one or several species of the colon-typhoid-dysenteiy group. Ono sees 
clearly, then, that the lack of defense is not due to the absence of the 
bacteriophage, but solely to the fact that the intestinal bacteriophage 
remained passive because it failed to acquire a virulence for the path- 
ogenic bacillus. 

To summarize: as in dysentery and in typhoid fever in human beings, 
the acquisition of virulence by the intestinal bacteriophage for the 
pathogenic bacterium is the sine qua non of recovery. 

Kramer’®^ also, has found that the bacteriophage plays an important 
r61e in immunity to avian typhosis. We will consider his contribution 
to the subject in more detail a little later. 
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THE BACTBRIOPHAQE IN 8TAPHYL0C0CC08 AND SHilfcl^COCCDS 

INPECTION8 

But very little is known of how the bacteriophage bdhaves in infec- 
tious processes due to these Gram-positive cocci, but that the bacterio- 
phage is found in association with such infections is beyond question. 

I have reported*** the isolation of a bacteriophage virulent for the 
staphylococcus from an abscess after a bite on the filler made by a 
guinea pig. Gratia*** isolated a bacteriophage from an abspess.on the 
face. Callow**® recovered a race from the pus in a case of furunculosis, 
and Kropveld*®* invariably found it in fumnculosis and in the pus of 
anthrax cases. 

The behavior of the bacteriophage in staphylococcus infeetions 
offers a very interesting field for study. 

In 2 cases where I isolated races from the sanguineous pus of anthrax 
lesions, opened at the beginning of the fluctuation, the races found 
showed, in addition to a virulence for Staphylococcus aureus, a very 
definite virulence for some colonies of B. coU isolated from the stools 
of the same individuals. 

In studying some cases of streptococcus angina, Piorkowski*®* demon- 
strated a baeferiophage in scra])ings from the tonsils. From his studies 
he concluded that when the virulence of the races for the streptococcus 
was high it should be conhulered as a favorable sign. 

Eichhoff has carried out a series of investigations, in Elittner’s clinic 
in Berlin and at the Institute of Hygiene at Breslau, in which he isolated 
races of the bacteriophage virulent for the staphjdocoecus and for the 
strepfoeoccus from the pus of various types of lesior., as well as from the 
stools of patients recovering fixjra infections due to theso or ganisms . 
Incidentally, he shovred that certain races of the bacteriophage viiulent 
for B. dysniteriae Shiqn exert a destructive action upon the staphylococ- 
cus and the streptococcus. 

G. THE BACTBRIOIMIAGB IN COLON BACILLUS INFECTIONS 

Hometimes the colon bacillus may liecome pathogenic and may be 
encountered as the etiological agent in diverse localized infections, or 
even in septicemias It at first ajipears strange that so common an 
organism, a normal inhabitant of the intestine, should at a particular 
time develop pathogenicity. Tliero must be “a something” which 
differentiates the pathogenic B. coli from the banal B. coli. It is this 
which I have tried to determine. 
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Five specimens of infected urine secured from individuals with pyelo- 
nephritis have been examined. In all of these cases not only was the 
colon bacillus present, but there was a mixed culture of B. coli and the 
bacteriophage, as shown by inoculation of the urine on agar. In one 
of the cases simple plating of the urine on agar gave a colon culture 
studded with plaques, in the other four, agar cultures made after a 
bouillon growth gave the same appearance. The colon bacillus pos- 
sessed a high resistance, although it was not entirely refractory. Thus 
the struggle continued in the organism. The ordinary B. coli is not 
pathogenic. The resistant B. coli becomes so because of its resistance 
to the action of the bacteriophage. 

Tomaselli examined 5 urines derived from patients with pyelo- 
nephritis, and in the 5 cases he found, as had I in other cases of thisity^, 
a mLxed culture of bactcrioi)hage-iS. coli. On the contrary, in cStees of 
simple C3^stitis without renal lesions he observed that the bladder- con- 
tained onl^' an ultrapure culture of B. coli, that is, the bacteriophage 
was not present. As an incidental point this author suggests that 'this 
fact ma}^ perhaps be of diagnostic significance in detecting the presence 
of a renal lesion. 

My own studies permit me to confirm the statement that the bacterio- 
phage is absent from the urines of cases with a simple cystitis, although 
the number of cases which I have examined (eight) does not warrant a 
final conclusion. Aside from the 5 cases of pyelonephritis mentioned 
above, I have since seen 7 other cases of B. coli infection of the urinary 
tract in which the cystitis was accompanied by renal lesions, and in all 
of these a mixed culture was found. 

'^rhis introduces a new idea as to the behavior of the bacterioi)hagc,- - 
to be added to those which we have acquired in the stud^" of the diseases 
previous^ discussed. B. coli certainly docs not possess a highly de- 
veloped pathogenic tendenc^^ We know, for example, that in certain 
animals (horses) this bacillus normally passes into the blood during 
the digestive period, and that in spite of this, it never causes any lesions, 
a proof that it is quickly eliminated,- -probably by phagocytosis. For 
what reason, then, does this bacillus sometimes become implanted in a 
lesion? 

'I'lie observations recorded above offer the answer to this question. 
The infection occurs,- - and persists, — because the bacillus is introduced 
as a mixed culture, and consequently is a bacterium resistant to bacterio- 
phagy. Against such a bacterium the body is powerless. We have 
already shown by in vitro experiments that a bacterium resistant to the 
bacteriophage is likewise resistant to phagocytosis. 
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7 . THE BACTERIOPHAGE IN TYPHUS EXANTHBMATICUS 

S. 

Having learned from the above brief discussion of the behavior of the 
bacteriophage in colon bacillus infections that under certain circum- 
stances the bacteriophage may assume a new and distinctive r 61 e in the 
origin of an infectious process, let us now turn to an entirely different 
disease, typhus fever, where we will discover still another aspect of the 
complex question of the bacteriophage and bacteriophagy. 

For our knowledge of the behavior of the bacteriophage in this disease 
Fejgin®®*’*®* is largely responsible. She began by isolating a bacterio- 
phage from ah old strain of B. protem Xu. The virulence of this race 
she enhanced by repeated passages. In studying the mutant strains 
of B.-proteus which form in secondary cultures* she found that filtrates 
of thqse cultures often became turbid because of the development of 
bacteria identical with the mutant forms previously studied. 

Continuing with the problem, she injected guinea pigs with the clear 
filtrates and found that animals so inoculated presented the smhe 
thermic reactions as did guinea pigs inoculated, either with the blood 
of patients with t3’^phu.s exanthematicus, or . with virulent materials 
derived from passage guinea pigs. Such a finding is of extreme interest, 
but her next observation is still more strange, for she found that guinea 
pigs injected with these filtrates were thereafter immunized against 
injections of virulent materials, whether the latter were derived directly 
from a patient with typhus fever or from passage guinea pigs. Recip- 
rocally, a guinea pig which had reacted to the typhus material was 
nifractoiy to the filtrates of the B. proteus X19 bacteriophage. 

And, as though to add further interest to these losults, she found that 
from guinea i)igs Wed on the tlrd or 4 th days of the febrile period which 
followed the injection of a filtrate she could isolate from the blood and 
from the organs (using the egg medium of Besredka under anaerobic 
conditions) the same mutant forms as had previously recovered, 
either from the cultures which developed in the fdtrates or from the 
organs of guinea pigs inoculated with material derived from patients 
having typhus fever. 

As I stated above, if these studies arc contirmed, — and it seems, 
indeed, that this work of Fejgin was carefully done, —they will explain 
both the etiology of typhus exanthematicus and the relation which 
exists between the agent of this disease and B. proteus X 19. 

* VVe have considered the studies of Fejgin on the mutant forms in an earlier 
chapter. 
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Fejgin has not, however, drawn any very definite conclusioBS frgim 
her studies, certainly because of a false conception of bscteriophagy. 
.She simply states that there must exist some relation between t3rphus 
exanthematicus, B. proteus Xi», and the bacteriophage. 

Having recourse to the facts which have been presented in the first 
part of this text, the etiology of typhus fever could be explained as 
follows: The B. proteus Xu, developing as a mixed culture with the 
bacteriophage, becomes transformed into its micellar ultrabacterial 
infravisible form,* and these ultrabacteria, capable of reproducing in 
this form, would really be the agents of typhus exanthematicus. 

The bacteriophage protobe is not a providential agent found m the 
intestine, in order to assure the “defense” of the individual who harbors 
it against the bacteria which try continually to invade it. The bacterio- 
phage protobe is simply a parasite of bacteria, occurring by preference 
in the intestinal tract because it there finds the most favorable coitBitions 
for its development, and in this it behaves like all living beinga wjhieh 
multiply in that place where they are best able to exercise theiriaeulty 
of assimilation. The bacteriophage does not exist for an “end,” and if, 
generally, it is a cause of recovery from disease because it is able to 
exercise its faculty of assimilation of pathogenic bacteria, it is equally 
able in other cases to be an indirect cause of disease. 

For an analogy we have only to turn to the white blood cell. The 
phagocyte is a “salutary agent” when it engulfs a microbe which it can 
digest; it is an “agent of destruction,” — even of death, — when, en- 

* We have seen in Part I that this is a '■.ommon phenomenon which may be 
observed with all bacteria, and that the micellar form which is produced occurs 
as a reaction of the bacterium to the presence of the bacteriophage. 

In speaking of these ultrabacteria I suggested a hypothesis on the subject of 
the agent of scarlet fever. Opportunities to apply this hypothesis are abundant. 
For example, it would be strange if the Leptospira discovered by Noguchi is 
really the agent of yellow fever (a disease with which I am familiar from having 
studied it in Yucatan). I have spent weary days with my eye to the micro- 
scope examining slides of the organs and tissues of individuals dead of yellow 
fever, and never yet did I see a single Leptospira. All of this would be ex- 
plained if the true parasite is a filtrable form of the Leptospira of Noguchi. 
As a matter of fact, the spirochetes are undifferentiated microbes, which must 
be, like the bacteria, micellar plasmodia.’** 

Insofar as typhus exanthematicus is concerned, there is an opportunity to 
attempt treatment by the injection of a mixture of different races of the bac- 
teriophage, virulent for B. proteus Xit, if among the races available there are 
any virulent for the proteus strain found in the patient. 
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couBteiing on a mucous surface a bacterium which it can not digest, 
it phagocytic it and carries it into the body. 

The bacteriophage protobe is a "salutary agent” whra it causes - 
bacteriophagy in vivo; it is harmful to the individual ‘who harbors it 
when it forms a symbiotic relationship with a microbe which has an 
acquired resistance to bacteriophagy. Such a symbiosis causes the 
bacterium to suddenly acquire a resistance to phagocytosis, and it also 
confers upon the bacterium the property of sdelding "ultrabacterial” 
hltrable forms, as appears to be the case in typhus fever, in typhoid 
fever, and doubtless in other diseases. 

Within the body, there are not “reactions of defense;” there are simply 
reactions, salutary or harmful according to the conditions under which 
they take place. 

8. THE BACTERIOPHAGE IN PLANTS 

We'^ow that on the roots of the Leguminosae we find nodules which 
are due to the reaction of the plant to the presence of nitrifying bacteria, 
B. radicicola. Here there is a symbiosis between the plant and the 
bacterium, but it is a symbiosis in the true sense of the word, that is to 
say, it is a mitigated parasitism. B. radicicola attempts to invade the 
tissues of the plant but there is some “cause” which prevents this 
invasion. 

Many authors have sought for this cause. They have observed that 
in certain cases an alteration of the bacteria takes place; the plant, 
they have said, imposes a toratological form on the bacterium, and 
sometimes succeeds in eliminating it. 

Zinzer* inoculated cultures of B. radicicola into the stems of the 
Leguminosae and found that the bacteria were destroyed without be- 
coming implanted in the tissues. On the other hand, Giomini, while 
studying the tiunor of the olive tree, saw that the “tissues” in the region 
of the tumor possessed agglutinating properties, and even destructive 
properties, for the pathogenic bacterium. 

In this destruction, the tissues of the plant did not effect the phe- 
nomenon without some agency, and the nature of this has been shown 
by the work of the Dutch authors, Gerretsen, Sack, Grsms, and 
Sdlmgen.®** 

iTiey worked with the nodules found on the roots of clover, sarrandella 
and lupin. They washed these nodules in a 1 per cent mercuric chloride 

* Zinzer, — Ueber das verhalten von Bskterien, insbesondere von KndUsohen- 
bakterien in lebendon pflanzliohnn Geweben. Jahrb. f. Wiss. Bot., 1897, SO, 423. 
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solution, in alcohol, and finally in distilled water. Fragments of the 
nodules were placed on agar seeded with cultures of B. radicicola, and 
they noted that after incubation each fra^ent occupied the centre of a 
circle within which no growth had taken place. The action was 
cific; a fragment of a given nodule had an action only upon the stl^n 
of B. radicicola derived from a plant of the same species. . 

They subjected these nodules to extrimtion and made filtrates. , ISese 
filtrates contained races of the bactmophagc of high virulence, each 
race being in general virulent for only those strains of B, radicicola 
isolated from plants of the same species. But this specificity was not 
quite absolute, for a bacteriophage isolated from the nodules of clover, 
as also another race isolated from lupin, had a weak, but definite, viru- 
lence for a strain of B. radicicola obtained from the nodules of thei bean. 

They were able to isolate races of the bacteriophage virulent for B. 
radicicola from field soil, but did not find them in the earth of uncul- 
tivated areas or forests. 

Like all other races of the bacteriophage, the corpuscles passed 
through collodion membranes sufficiently permeable to allow the micel- 
lae of serum globulin to pass. This explains the diffusion of the bac- 
teriophage throughout the different parts of the plant, for these authors 
have noted its presence in the stems, but not in the leaves. They 
concluded that the fact that B. radicicola does not invade the entire 
plant is due to the presence in the plant of a virulent race of the 
bacteriophage. 

With plants, as with animals, antibacterial immunity is “exogenous;” 
it is the bacteriophage protobe. This is a general fact, throughout 
nature. 

r£sum£ 

The observations made in bacillary dysentery, in the tyjihoid and 
paratyphoid fevers, and in avian typhosis, show that the behavior of 
the intestinal bacteriophage toward a pathogenic bacterium which 
becomes implanted in the intestinal tract varies; being determined, 
(a) by the conditions found in the intestine, and (6) by the hereditary 
characters of the bacteriophage and of the bacterium. 

The behavior of the bacteriophage may be summarized as follows: 

All of the conditions of medium and of characters working to the 
advantage of the bacteriophage, its virulence immediately increases 
for the invading pathogenic bacterium; the result being the immediate 
elimination of the bacterium before it can develop within the individual 
and cause any disturbance. 
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The conditions being less favorable for the bacteriophage, its viru- 
lence increases less rapidly, bacteriophagy takes place after a longer 
latent period; the result being that after a few mild symptoms, the 
disease is aborted. 

^JiTien the virulence of the bacteriophage is built up only after a con- 
8i<^rable delay, the disease follows its course up to that time ivhen the 
acquired virulence permits a complete bacteriophagy; the result being 
that at this time the symptoms of the disease regress, disappear, and the 
individual enters upon convalescence. 

When the virulence of the bacteriophage is enhanced very slowly and 
the delay in increased activity permits the bacterium to acquire a 
resistance, or when the bacterium at the time of invasion already has a 
resistance acquired outside of the body now invaded, a struggle takes 
place, the contending forces being the virulence of the bacteriophage 
on one hand and the resistance of the bacterium on the other, and the 
condition of the patient reflects the ups and downs of this campaign. 
The result here may vary; if the conditions of environment and heredity 
favor the bacteriophage, the virulence permanently overcomes the 
resistance, complete bacteriophagy takes place; convalescence is es- 
tablished. If, on the contrary, the conditions favor the bacterium, it 
acquires a refractory state, it is able to develop without hindrance; the 
individual dies. 

When, as a last possibility, the intestinal bacteriophage remains inert, 
the bacterium develops freely without any necessity for acquir- 
ing a resistance; the result being the death of the individual 

((rjrerello””''«-»»'='‘-’"'’‘^0. 

The bacteriophage does not remain confined to the intestine; it passes 
into the circulation, from there into the tissues, and thence to the lesions 
where bacteria are to be found upon which it can exert its faculty of 
assimilation; the result being an in vivo bacteriophagy with an eliminar 
tion of the invading microbe. This is what takes place in experimental 
typhoid infection of the rat (d’Hereile’“) ; in avian typhosis (d’Her- 
elle**'); in bubonic plague (d’Hcrelle**‘) ; in typhoid fever (Beckerich 
and Hauduroy®’') ; in staphylococcus infections (d’Herelle’^0 ; and in 
streptococcus infections (Eiclihoff). 

The process of in vivo bacteriophagy is not restricted to animals. It 
also occurs in plants, as in the case of the Leguminosae infected with 
B. radicicola (Gerretsen, Sack, Gryns, and Sohngen*^®). 



CHAPTER IV 

The Behavior of the Bacteriophage in Epidemics 
1. AVIAN TYPHOSIS 

In the preceding chapter we have dealt with the behavior of the 
bacteriophage protobe within the intestinal tract of animals having the 
disease avian typhosis. Let us now see what happens in those animals 
which live in regions where this disease is prevalent but which resist 
infection. 

Let us consider first a fact bearing on the territory involved in the 
epizootic. During the period involved in this study eighty-onc 
examinations were made upon the feces of bam-yard animals, not only in 
France but also in Indo-China, in regions where avian typhosis had not 
occurred in epidemic form among the fowls for several years. In each 
of these examinations a bacteriophage active for one or several of the 
bacilli of the colon-typhoid-dysentery group was isolated, but in no 
instance has the bacteriophage shown any detectable activity for B. 
galUnarum. 

In contaminated regions the situation is quite different. As an 
example, observations made on a farm located at Pougy-sur-Aubc may 
be cited, where the disease was followed very closely. The disease 
appeared in 1917 in July. Within the period of a month fifty-one of 
the ninety-eight fowls died; then the epizootic disappeared. In May, 
1918, it reappeared in less violent form. Twenty-five of one hundred 
and four fowls died in the period from May to September, and it again 
disappeared. In 1919 it broke out again early in April. On the 21st 
of May, twenty-one of eighty had died. At this time I began m v obser- 
vations. 

On May 21, specimens of the excrement of thirty of the fifty-nine 
survivors were taken. Examination made later in the laboratory, 
showed in twenty-six a bacteriophage of weak or moderate activity for 
B. galUnarum (23 were + , 3 were + +), in four it was absent. On May 
22, two chickens contracted the disease. The specimens taken the day 
before were numl)ered and examination showed that an active bacterio- 
phage had not been found in these two animals. On May 23 one of the 
two chickens affected the day before died. On May 24, a third chicken, 
sick in the morning, died in the following night. Its excrement, col- 
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'tected on May 22, did not contain a bacteriophage active for B. gaMi- 
narum. On the morning of May 24 the chicken which had been taken 
sick on May 22 and which had resisted showed in its intestinal contents 
a bacteriophage of extreme activity (++++) toward the patho- 
genic bacillus. On May 26 the fourth chicken, one of those whose 
feces had not showed an active bacteriophage when examined on May 
22, was affected. It resisted, and on May 28 its symptoms had dis- 
appeared. The disease disappeared suddenly and during the next three 
months no new cases developed. 

On May 30 the feces of thirty chickens were examined and the fol- 
lowing results were obtained: 

Virulence for B. gaUinaruni; in five -f-f + +, in twenty-one +++, 
in four + +. 

We see, then, on May 22, four animals among thirty in which the 
intestinal bacteriophage lacked activity for the pathogenic bacillus. 
These four animals contracted the disease during the four following days. 
In the twenty-six specimens collected on May 22 and showing positive 
results, the bacteriophage showed a relatively weak virulence. Nine 
days later this activity was very much greater, that is, at the time when 
the epizootic ceased. l\'hat, then, took place in this interval? The 
bird which became sick on May 22 and which resisted showed in its 
feces, when examined on May 24, a bacteriophage endowed with a 
considerable activity for the pathogenic agent. 

Here is a second example of the same general nature, giving the results 

secured on farm M at V^ricourt (Aube). The epizootic 

first appeared among the flock of twenty-five cUickcns in May, 1919. 
The first animal died on May 18. On the next day twelve specimens 
of excreta were collected at random. Three only contained a bacterio- 
phage, and that of feeble activity, for B. galUnarum. From May 19 to 
2G twelve birds contracted the disease .and of these eleven died. One, 
which became sick on May 23, showed on May 25 a strongly active 
bacteriophage (+ -|- -f- for iB. galUnarum) and recovered. The epidemic 
stopped abruptly. On May 27 twelve specimens were taken at random. 
In all a bacteriophage active for B. gallmarum was found (in 1 + -{- -1 — |-, 
in 9 + + +, in 2 ++). 

A tliird example may be mentioned, in which the infection was a 
paratyphosis.* On October 15, strains of B. pfaffi were isolated from 
two specimens of blood, taken from animals which had died in a chicken- 

* These experiments were carried out with the assistance of M. Micheau, 
D. V. M. at Traioel (Aube). 
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yard where for about a month there had been an infection presenting 
the characters of typhosis. From specimens of the feces taken fi^ 
two healthy animals living in the same yard two races of bacteriophaf^ 
were isolated, one showing a low virulence (+) for B. pfaffi, the other 
showing no activity for this bacillus. Towards the end of the month 
three chickens became sick, recovered after an interval of two Or three 
days, and then the epizootic ceased. Six specimens of feces examined 
at this time all showed a bacteriophage of high virulence (+ + +) for J?. 
pfaffi. Against B. gaUinarum four were inactive and two showed a 
weak virulence (+). 

B. pfaffi, was therefore the cause, for when the epizootic broke out 
three months later the eighty chickens which had survived received a 
subcutaneous injection of 0.5 cc. of a suspension of the Pfaffi-bacterio- 
phage and the epidemic stopped abruptly and permanently from the 
time of the injection. We will see later that this abrupt cessation is the 
rule following immunization by means of a suspension of the 
bacteriophage. 

These facts can be explained in only one way. A weak or moderate 
activity of the intestinal bacteriophage for the pathogenic bacterium is 
sufficient to render the animal resistant to infection. The pathogenic 
bacteria which are able to penetrate into the intestine are destroyed 
before they can multiply. But it is not the same once the disease has 
appeared and the organism is invaded. The animal recovers — ^and 
recovery is very rare in typhosis — 'Oiily because of a rapid adaptation 
of the bacteriophage and the acquisition of a high virulence which leads 
to an intensive destruction. This bacteriophage with exalted virulence 
is distributed broadcast with the e.xcreta of the recovered or convalescent 
animals, and persists, indeed, during several months after recovery. 
This bacteriophage is necessarily ingested by the other animals of the 
barn-yard which become, in fact, “infected” by an extremely active 
bacteriophage and by this means acquire a complete protection against 
the disease, in spite of the presence of the pathogenic organism in the 
environment, and in spite of its frequent ingestion, an ingestion which 
serves to maintain the virulence of the bacteriophage. 

These hypotheses are not simply idle speculation, for the interpreta- 
tion given to these observed facts is confirmed by experiments which 
provide, in a controlled manner the natural conditions of the epizootic. 
Furthermore, it will be seen that the r61e of defense assigned to the 
bacteriophage is confirmed by the immunization of several thousand 
animals by the administnation of suspensions of an active bacteriophage. 
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Before discussing these control experiments I ought to mention that, 
thanks to the kindness of the veterinarians of different regions invaded 

t 3 rphosis, I have been able to procure numerous specimens of blood 
and excreta taken from sick chickens, from chickens which had died or 
from those which had recovered, derived from eleven different foci scat- 
tered throughout all France. This allows me to generalize from the 
facts that I have personally observed. 

.S* 

Control experimenUi 

The control experiments have been conducted in Paris, that is to say, 
entirely outside of the epizootic area. 

Six chickens, procured from a region free of infection, were placed 
under observation. Their excreta were examined daily for ten days for 
the purpose of establishing the complete absence of a bacteriophage 
active for B. gaUinarum. 

Chicken No. 1 then received, per os, 1 cc. of a suspension of a race 
of bacteriophage very active for B. galUnarum 

C’hicken No 2 received 0.5 cc. of the same suspension by subcutaneous 
injection. 

The next day examination of the feces of these two animals showed 
the presence of a bacteriophage strongly Anrulent for B. galUnarum. 
Therefore, the bacteriophage passed into the intestine, whether ingested 
or injected. This same fact has since been verified with man and with 
differcntanimals. 

C’hicken No. 1 next received per os daily for twenty-five days, 2 cc. 
of a bouillon culture of B. galUnarum. The active bacteriophage per- 
sisted in the intestine with its primary virulence (-|- + -|-+) and main- 
tained itself up to nine days after the last dose of the pathogenic 
organism. 

(.'hicken No. 2, which had received nothing after the inoculation of 
the active bacteriophage ceased to show a ra(!e active for B. galUnarum 
within three days after the injection. In other words, chicken No. 1, 
subjected to repeated reinfections, retained an intestinal bacteriophage 
active for B. galUnarum for thirty-four days, while chicken No. 2, not 
infected, for only three days. 

It follows that the intestinal bacteriophage remains active only if it is 
able to develop in the intestine at the expense of this bacterium, but in 
such a case it remains active just so long as this condition is fulfilled. 
Inversely, the presence in the intestine of a bacteriophage possessing 
virulence for a given bacterium indicates that this bacterium was a short 
time previously in the intestine. 
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In the course of the preceding experiment chickens Nos. 3 and 4 ivere 
placed in contact with chicken No. 1. They all ate and drank frcuu ^ 
same containers, the more so since they were changed about in the p^ 
in such a manner as to simulate conditions of life analogous to those of 
the chicken-yard. Two days after the first contact, in the case of 
chicken No. 3, three da}^ after with chicken No. 4, their excreta con- 
tained' a bacteriophage very virulent for B. gattinarum (++++). 
From this time on they each received each day for twenty-one days, 2 
cc. of a bouillon culture of B. gaUinarum. At no time did they appear 
sick. The intestinal bacteriophage remained active for the bacillus 
throughout the entire period of the administration of the pathogenic 
bacillus, and even longer — seven days in No. 4 and ten days in No. 3. 
The intestinal bacteriophage did not then disappear, for as in the case of 
chickens Nos. 1 and 2, it remained active for one or several members of 
the colon-typhoid-dysenteiy group. But the virulence for B. galli- 
narum did not persist when the ingestion of cultures of this last bacillus 
was stopped. The experiment with chickens Nos. 3 and 4 shows clearly 
that the bacteriophage protobe is infectious in exactly the same sense as 
is the pathogenic bacillus itself, since these birds were “contaminated” 
by contact with chicken No. 1. 

Chickens Nos. fi and 6, which had not been in contact with the 
other chickens, and which on repeated examinations were shown to be 
free of a bacteriophage active for B. gattinarum, each received per os, 
on some bread, a single dose of 2 cc. of a bouillon culture of B. gaUi- 
narum. Three days after the infecting meal diarrhea appeared and 
they died two and three days later, after having shown all of the symp- 
toms of the natural disease. Necropsy showed the presence of the same 
lesions. Cultures of the blood gave pure cultures of the pathognic 
bacillus, which was likewise found in abundance in the intestinal 
contents. 

Chickens Nos. 1, 3, and 4, which had resisted repeated ingestions of 
B. gattinarum culture without showing the least inconvenience, were 
therefore immunized; the first as a result of the ingestion of a bacterio- 
phage active for the pathogenic bacterium, the two others by simple 
association with the first. 

About one month after the virulence of the bacteriophage for B. 
gattinarum had disappeared in chickens Nos. 1, 2, 3, and 4 each of them 
was given on each of the three days 2 cc. of a culture of the bacillus. 
In all the intestinal bacteriophage showed a new virulence for the 
pathogenic organism. None of them showed the slightest trouble. 
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In all of these experiments the infections have been made with bouil- 
lon cultures of B.gaUinarum prepared directly from the blood of chickens 
dead of spontaneous natural infection. This is essential because of the 
loss in virulence of this organism which takes place under artificial 
cultivation. 

With chickens Nos. 5 and 6 the ingestion of the pathogenic bacillus 
caused a fatal attack of tsrphosis. The intestinal bacteriophage at no 
time manifested an activity for the causative organism. In chickens 
Nos. 1, 2, 3, and 4, on the contrary, the ingestion of the same culture 
caused no disturbance and their intestinal bacteriophage which for 
about a month had showed no activity for the bacillus, rapidly recu- 
perated its first activity. It has, therefore, not disappeared from the 
intestine, although its activity was no longer evident, but when it found 
itself again in contact in the intestine with the pathogenic orgai)Uvn it 
rapidly regained its potency. 

This “latent virulence” may be maintained for a very long time. In 
this connection I may recall the fact cited of a strain of bacteriophage 
still possessing after three years and more than 1000 passages in vitro, 
always with the Shiga bacillus, the power to attack B. coli and B. typho- 
sus. It showed a weak power, but was capable of rapid augmentation 
by transfers at the expense of these organisms. This is exactly what this 
experiment shows us to take place in vivo in the chicken. 

Can a chicken contract typhosis in spite of the presence of an active 
bacteriophage in the intestine? It certainly can. As we have seen in 
many experiments the bacterium may develop a resistance to the action 
of the bacteriophage and this resistance is one of the factors comprising 
the virulence of the bacterium. We have then, on the one hand, the 
bacterium, which when introduced into the organism may acquire a 
resistance to the action of the bacteriophage ranging from zero to abso- 
lute resistance, and on the other hand, the bacteriophage, which at the 
same time may possess a virulence running from zero to extreme activ- 
ity. Infection occurs, or does not occur, according to whether the 
algebraic sum of virulence + resistance is in favor of the one or the other 
of the two organisms present. Once the disease has manifested itself, 
the virulence of the one and the resistance of the other become increased 
or attenuated according to the conditions of the moment and the apti- 
tudes previously acquired which favor the one or the other of the two 
agents. The sequence in which the events of this struggle occur deter- 
mine the issue. 

The observations made in natural disease and the experiments which 
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confirm the deductions wliich these observations suggest,* show the 

bacteriophage piotobe is always present in the int^tine oiP the.cil^en, 
whether it is healthy or sick, whether it lives in a locality free of infection 
or in an epizootic zone. ' 

Against a definite bacterium, B. gallinarum in so far as avian typhosis 
is concerned, the intestinal bacteriophage may be virulent or avirulent, 
and in the first case its virulence may be exercised according to a scale 
which passes from the smallest degree capable of detection to one of 
extreme activity. 

Virulence of the bacteriophage protobe for gaUinarum is only 
observed in an infected locality. The absence of such a virulence is 
equally the rule wdth animals which are about to die and with those 
which have died. 

In a contaminated area animals which harbor in their intestine a 
bacteriophage endowed with sufiicient virulence for the pathogenic 
l)acterium are by this very fact protected against the disease, and they 
remain so, provided the actual or latent virulence of the bacteriophage 
is maintained at a level sufficiently high to effect a rapid destruction of 
the pathogenic bacilli ingested. 

The ingestion of pathogenic bacilli at sufficiently frequent intervals 
constitutes the principal factor in maintaining the virulence for the 
given bacterium. Among the factors which contribute to diminishing 
the virulence or causing the virulence of the l)acteriophage for a patho- 
genic bacterium to disappear, I would place as most significant the intro- 
duction into the organism of bacteria endowed with a resistance to the 
action of the Imctcriophage. We ha ve clearly seen this fact in the course 
of tlie experimental study of the phenomenon of the resistance of bac- 
teria. Another possible factor, influencing the activity of the bacterio- 
phage is the reaction of the medium in the intestine, which may vary 
according to the accidental conditions of the moment, the type of food, 
etc. The importance of the reaction of the medium for the dissolution 
of bacteria, in vitro has already been demonstrated. 

A liact(M*iophag(; which has lost its virulence for the pathogenic bac- 
terium lacks tlie power to exercise it because of the absence of this 
bacterium, but it possesses, nevertheless, a latent virulence. When 
placed again after a greater or less length of time in the presence of this 
bacterium it regains its original virulence. 

The fact of the habitual virulence of the intestinal bacteriophage for 
i?. galluiarmn in the infected regions indicates the frequency of the 
ingestion of these bacjilli, and consequently the excessive contamination 
of the environment by the pathogenic organism. 
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Iii i^nfiamiiiated regions the animal in which the intestinal bacterio- 
phage does not enjoy any activity for B. gallinarum quickly contracts 
the disease. It may resist and recover, but this is the exception, occur- 
ring only when the intestinal bacteriophage quickly acquires a' viru- 
lence for the infecting bacillus. In the contrary, and usual, case the 
animal succumbs. 

In a chicken which recovers, the intestinal bacteriophage acquires a 
considerable virulence against the pathogenic bacterium and maintains 
this for a veiy long time; in fact, as long as- the exterior environment 
remains infected. This persistence of virulence? is maintained by the 
frequent ingestion of pathogenic organisms, which allow the bacterio- 
phage to multiply at the expense of the particular organism. The 
resistant animal disseminates in its excreta the bacteriophage of 
enhanced virulence; the animals which associate with it become ^‘con- 
taminated'^ and by this fact they enter the same class of resistant ani- 
mals as those which have recovered. Recovery of one animal in a barn- 
yard often marks the end of an epizootic, or its arrest for a few months. 

The study of an epidemic of avian typhosis shows, in a word, that the 
history of the contagion reflects, in the last analysis, the story of the 
struggle between the two agents'~~ the pathogenic bacterium and the 
bacteriophage protobc — and since this last is transmissible from individ- 
ual to individual the immunity is contagious in the same sense as the 
disease itself. The beginning of an epizootic is marked by a diffusion 
of the bacteria, the end by a diffusion of bacteriophage virulent for 
these bacteria. We will encounter the same facts in another disease; 
in hemorrhagic septicemia in the buffalo (dTIereUe,^"'). 

2. IIEMOKRIIAGK^ SEPTICEMIA OF THE BUFFALO (bARBONE) 

Barbone^ the disease 

Unlike avian typhosis l)arbonc docs not present intestinal symptoms; 
it is of tlu? hemorrhagic septicemia typo. The pathogenic organism is a 
rastei]r('lla. ("ultur(»s of the organism in beef bouillon maintain their 
virulence for a considerable time at least eighteen months. The 
inoculation of a buffalo or of a cow with 0.0002 cc. of a virulent culture 
kills the animal in betw^een thirty-six and forty hours with all the symp- 
toms of the spontaneously acquired disease. At necropsy identical 
lesions are found and the pathogenic bacterium swarms in the blood and 
in the organs.* 

* In two different attempts I have proved that diluted blood or macerations 
of organs (liver and lung) taken from animals dead of spontaneous infection, 
filtered through a Chamberland filter (Ls) and inoculated in large amounts into 
the buffalo or into cattle do not cause the slightest disease symptoms. 
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The buffalo is par excellence the beast of burden^ the cultivation of 
rice-fields; it replaces the ox in all southern Asia And in the islands of 
the Sunda Straits. It is utilized in certain regions of Italy, in Egypt, 
in Hungary, and in the Balkans. Wherever the buffalo lives there also 
will be found barbone, the most terrible, without doubt, of all the con- 
tagious diseases. The reports indicate a mortality of from 70 to 95 
per cent. I was present during an epizootic which raged in June, 1920, 
in the Province of Bac Lieu (Cochin-China) where among the thirty 
thousand buffaloes of the region ten thousand died, and I did not have 
an opportunity to observe a single animal which recovered. Recovery 
may occur, but it is certainly rare, and the mortdity in Cochin-China 
is certainly above 99 per cent of the animals affected. 

The average duration of the evolution of the disease is but eighteen 
to twenty-four hours; rarely thirty-six. Death sometimes takes place 
without precursory symptoms. An animal yoked to a plow stops, 
remains motionless for a few moments with a hazard aspect and then 
falls as though struck by li^tning. In typical cases, which can be 
reproduced in a perfect manner in experimental infection, the animal 
appears dejected, the eyes fixed, the head lowered. TThe temperature 
rapidly mounts to 41.6 to 42.5'’C,, the respiration, at first accelerated, 
becomes slowed and then dyspneic, the inspirations less and less fre- 
quent. The animal shows meteorism; it lies flat on the ground in com- 
plete lateral decubitus usually a short time before death which is pre- 
ceded by cramps and at times convulsions. 

Often tumefaction is to be observed, appearing usually in the region 
of the throat and extending back to the shoulder. The engorgement is 
produced by a gelatinous exudate of a yellow color within the connective 
tissue. At times the tumefaction appears in another part of the body, 
or it may be entirely lacking. This tumefaction, as shown in experi- 
mental infection, marks the portal of entrance of the pathogenic b.>cteria. 
Infection usually occurs by way of the digestive tract and the virus 
most frequently penetrates the tissues through some portion of the 
nasopharynx, A tumefaction on another part of the body thigh, 
abdomen, rump - indicates a reinfection by the penetration of the virus 
through an excoriation. Examination of cadavers shows that the 
absence of tumefaction indicates an infection by way of the stomach and 
intestine. 

Bovines and the buffalo are equally susceptible, as was noted a long 
time ago by Piot in Egypt. The statistics of Indo-(’hina indicate, it 
is true, that the mortality from barbone is but slight for cattle, but this 



499 


BSIS^YK^ OF BACl^BIOFHAOE IN BPIDBMICS 

is solely due to fact that these animals are present in but small 
numbera in the resins where barbone rages; regions which are extremely 
humid and admirably adapted to the buffalo, a semi-aquatio animal. 
The rare cattle found sometimes in such regions contract the disease and 
die like the buffalo, after having presented identical symptoms. 

The effect of low places and swamps on the contapon has been 
from time immemorial recognized by the natives. When it is possible, 
as soon as a case of barbone is detected in a neighborhood, they hasten to 
collect their animals and remove them to a more elevated region. It-is^ 
known, moreover, that the organisms of the Pasteurella group remain 
virulent for a very long time in the mud of the marshes and in the slime 
of the streams. 


R6U of the bacteriophage in the disease 

In Cochin-China barbone is always present in sporadic form causing 
each year numerous small epizootics which remain localized in individual 
villages. A localized epidemic observed in Long Huu in the Province of 
Gocong may serve as an example. 

Prom May 5 to 13, 1920, seventeen buffedoes died: on May 5, one; 
May 7, three; May 8, two; May 9, one; May 10, two; May 11, four; 
May 12, thiee; and May 13, one. Then the ^rizootic stopped ajod not a 
single case was detected during the next six months. , 

Specimens of the feces of four of these animals were collected, either 
liefore death or from the cadaver. None contained a bacterioidlage 
active for the bacterium of barbone. On May 13 specimens oL feces 
wore collected from healthy animals, as follows: 

First. From a buffalo in a stable where two animals had died, one 
on May 12, the other on May 13. 

Second. From three buffaloes in a stable where one had died on 
May 5. 

Third. From two buffaloes in a stable where two had died, one on 
May 8, the other on May 11. 

Fourth. From four buffaloes in a stable which had not been invaded. 

Fifth. From one buffalo, living alone in a stable located at a dis- 
tance of about five kilometers from the village of Long Huu. 

Sixth. From eight buffaloes in the surrounding villages, from eleven 
to nineteen kilometers distant. 

Of all the specimens, those in the first, second, third and fourth 
groups gave a bacteriophage of weak or average activity (-f- or -!-+) 
for the bacterium of barbone. An active bacteriophage was not found 
in the specimens from groups 5 and 6. 
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Again on May 19 specimens were collected in Long Huu, as follows: 

First. From the buffalo which had furnished specimen No. 1 on 
May 13. 

Second. From two buffaloes living in a stable where three had died 
from May 7 to May 12. These specimens all gave a bacteriophage 
moderately virulent (++) for the bacterium of barbone. 

The animals which resisted, therefore, showed in their intestine a 
bacteriophage virulent for the pathogenic bacterium. 

The epizootic does not always remain localized in a village. At times 
it spreads rapidly from village to village and within a few days will 
extend over a very considerable territory. It is rarely possible to 
detennine the primary focus, so great is the speed with which it spreads. 
The mortality then becomes considerable, the losses often amounting 
to tens of -thousands of animals, as has been observed many times in 
China, in British India, and in the Dutch East Indies. Sometimes 
even, as actually happened in Java, the buffalo, as a race, is practically 
eliminated. 

In the first two weeks of June, 1920, the epizootic became general in 
the Province of Bac Lieu and in certain parts of the adjacent provinces 
(western Cochin-China) . It was possible to examine the blood of eleven 
animals which died in widely scattered parts of the area invaded, and 
in all the bacterium of barbone was found in considerable quantity.* 
The epizootic died out during the first fortnight of July. It had per- 
sisted for a month, killing a third of the animals in the district. 

The region of Thoi Binh was particularly affected, the loss amounting 
to more than fifty per cent of the buffaloes in the locality. From July 
8 to 13, at tlie time when the epizootic was disappearing (the last animal 
to be affected died on July 12), twenty specimens of feces were collected. 
These were taken from buffaloes which had resisted the infection and 
which at no time showed any evidence of the typical symptoms of the 
disease. All of the animals examined lived on the farms of the village 
of Thoi Binh or in the neighboring hamlets within a radius of fifteen 
kilometers. 

Tests for the virulence of the intestinal bacteriophage against the 
bacterium of barbone gave the results shown in table 62. 

* Bacteriological diagnosis is easy, even if the only available material is some 
blood or a fragment of an organ taken without any special precautions in the field, 
as is usual in such countries. Even if the specimen is some days old it is only 
necessary to smear it over the shaved skin of a rabbit. If the bacterium of bar- 
bone is present the animal will die within 24 hours, and the organism will bo found 
in pure culture in the blood, from which it may be readily isolated. This is also 
the best method for detecting the bacterium in soil or in fecal material. 
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From this it appears that the intestinal bacteriophage is endowed 
with virulence for the bacterium of barbone in all the buffaloes which 
the disease had spared. 

In the course of different trips across Indo-China, I collected forty- 
one specimens of feces from buffaloes, each specimen collected in a dif- 
ferent village in which no buffaloes had died of barbone for at least two 
years. In only three of these specimens could a bacteriophage active 
for the bacterium of barbone be demonstrated, and in these oases it was 


TABTJS 62 


FATIM 

MOBTALITT 

TnS LAST 
ANIMAL DIBD 
ON 

NUMBBB 

OF ANIMALS 
WHICH 
RESISTED 

TIRULEKCB 
^ or THE 
BACTERXO- 
PHAOE 

Ngau 1 

3 

July 7 

10 

++ 

Ngiiu 2 




+ 

Ngau 3 




+++ 

De 

2 

June 10 

1 

+ 

Doi 1 

5 

June 28 

4 

++++ 

Doi 2 




+++ 

Lanh 

9 

July 2 

4 

++ 

Tran 

1 

July 4 

2 

++4-+ 

The 

3 

July 11 

1 

• ++++ 

H. V. CKarih 

2 

July 2 

2 

++++ 

Hien 

0 


4 

++++ 

Du 

0 


6 

+ 

Sam 

2 

July 2 

8 

++ 

P. V. Chanh 

6 

June 30 

8 

++++ 

Cn 

1 

July 2 

5 

+++ 

So 

3 

July 6 

5 

++ 

No 

5 

June 30 

10 

+++ 

Phuc 

8 

July 3 

4 

++++ 

Ciia 

8 

June 29 

3 

+++ 

Man 

1 

June 30 

3 

++ 


weak (+). Nevertheless, the intestinal beeteriophage was present in 
all; but although it was active for one or another of the intestinal organ- 
isms, its virulence was weak or lacking for the bacterium of barbone. 

Wc will see later, on the contrary, that in a contaminated area at the 
time when the epizootic dies out, the intestinal bacteriophage of all of 
the buffaloes which escaped the disease is virulent for the bacterium, 
the causative agent of the epizootic. Ve find here, then, the same facts 
as were observed in the study of avian typhosis; that the protection of 
the body in the case of barbone, a septicemic disease, is assured by the 
bacteriophage. 







502 


. to® BACTBEIOPHAQE AND ITS BBHAVIOE;, J 
./;• ^ ^ 

In the buffiiliocs of a region ravaged by the disease the bacteriophage 
preserves for a very long lime its virulence for the pathogenic bacterium. 
This, the following example shows. 

In November, 1919, a localized epizootic of barbone occurred among 
the buffaloes -of the village of Phuoc Thien (Province of Bien Hoa). 
On a farm having twenty-one buffaloes seven died — two adult animals 
and five aged from one to two years. The disease died out, or to speak 
more correctly, after this, two animals recovered one after another. On 
the 12th of the following April, that is to say, five months later, speci- 
mens of the feces of eight of the surviving animals were collected. All 
contained a bacteriophage active for the bacterium of barbone (six 
were ++, two were+). 

Two specimens of the mud of a water-hole where the animals were 
accustomed to remain immersed up to the neck during the hottest hours 
of the day were also examined. In both a bacteriophage virulent (+ +) 
for the bacterium of barbone was foimd. The destruction of the patho- 
genic bacterium in the external medium must often be effected by the 
bacteriophage, for it is certain that if the bacterium of barbone has 
once been introduced into a water-hole by a sick animal the bacterio- 
phage present there must destroy it. Furthermore, this fact jshows one 
of the modes of “contagion” of the active bacteriophage; A single 
buffalo, in the intestine of which the bacteriophage has.-^cquired a 
virulence for the pathogenic bacterium, is sufficient to “contaminate” 
all the herd which frequent the water-hole. Localized epizootics are 
of short duration, but in spite of this we find that the pathogenic bac- 
terium persists for several months in the external world and that the 
ingestion of the bacteria by buffaloes is frequent, since the virulence 
of the bacteriophage maintains itself against this bacterium. The 
repeated ingestion of a bacterium is, as we have seen, essential for the 
permanence of the virulence of the bacteriophage toward this bacterium. 
The epizootic dies out, not because of an absence of pathogenic bacteria 
but because of the presence of a virulent bacteriophage in the intestine 
of all exposed animals. 

All of the observations are therefore comparable, whether they deal 
with avian typhosis or with barbone in the buffalo. These epizootics of 
very different nature were investigated intentionally, that the general 
nature of the rfile of the bacteriophage in disease'and in immunity might 
be the better established. 

One may at first be quite astonished that the intestinal bacteriophage, 
whose rble can easily be conceived in infections with intestinal manifes- 
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tations, constitutes a defense of the oi^anism in Septicemias. In 
reality, whatever may be the infection, the pathogenic bacterium always 
gets into the intestine. Let us take a localized disease, cerebrospinal 
meningit^ for example. We know that the initial symptom is a rhino- 
pharyngitis and that even healthy subjects who have b^n in contact 
with a patient often carry the specific organism in the nasopharynx. 
There can be no doubt but that a fair number of the meningococci 
present in the rhino-phar3mx are swallowed and pass into the intestine. 
It is needless to insist on this, that, aside from a few rare exceptions to 
which wc will later return, whatever may be the disease under con- 
sideration, the portal of entrance of the virus is either the buccal route 
or by way of the respiratory tract. In either case the ingestion of 
organisms is, it m^ht be said, obligatory. The pathogenic bacterium 
is always at some time in contact with the intestmal bacteriophage, 
this organism therefore is thus able to adapt itself to the bacteriophagy. 
of the bacterium and to acquire a virulence. 

In the particular case of barbone the pathogenic bacterium is found 
freely disseminated through the exterior world in contaminated regions. 
In ah epizootic zone I have been able, in two different trials, to isolate 
it' from the mud of a marsh where the buffaloes were accustomed to 
bury themselves. This is but natural since the bacteriiun of barbone 
is found in the intestinal tract of sick animals or of those which have 
succumbed.- The ingestion of the pathogenic bacterium by the ani- 
mals which remain immersed for whole hours in a mire containing these 
organisms is necessarily frequent. If the animal which ingests them 
has an erosion at any point in the digestive tract it is susceptible to infec- 
tion. Otherwise the bacteria reach the intestine and come within the 
range of the intestinal bacteriophage which can then acquire a virulence 
for the virus. If this takes place the animal is thenceforth protected 
from the infection and becomes a carrier of the virulent bacteriophage. 
A diseased animal propagates his disease; an a.iimal in a resistant con- 
dition propagates his immunity (d’Hcrclle and Le Ix)uet®*^). 

3. BUBONIC PLAGUE 

Through a lack of favorable circumstances it has not been poasible to 
follow the evolution of the intestinal bacteriophage in man affected 
with plague. The few cases that have been examined have all been 
fatal, and at no time could the intestinal bacteriophage be shown to 
have the least virulence for li. pestis. The activity in these cases 
remained restricted to B. coli. However, the stools of two convalescent 
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iudividuals have boon secured and examined. According to the physi- 
cians treating the cases the material was collected on the sixth and the 
eleventh days after the beginning of convalescence. Examination 
showed, in the first case, bacteriophage of average virulence (++) 
and in the second case, one of feeble virulence (+) for B. pestis. The 
virulence of the first of these strains has been enhanced m vitro and the 
bacteriophage has been maintained in culture. 

An attempt was made to find a bacteriophage active against this 
bacillus in the feces of twenty-two natives living in regions free of plague, 
but in no case could a strain be isolated. However, in view of the par- 
ticular mode of infection in bubonic plague the study of its propagation 
in man offers only a matter of secondary interest, at least from the epi- 
demiological point of view. We toow that an epidemic of plague in 
man is always consequent to an epizootic among rats. That which it is 
interesting to study is, therefore, the epizootic, the primary cause of the, 
epidemic. In order to attain a correct interpretation of results it is 
essential to follow the natural order of things. From the point of view 
of man the epidemic is obviously the important fact; froifa the point of 
view of nature this is but a secondary incident, for if we were able to 
suppress the epizootic the epidemic would cease spontaneously. 

From what we actually know about the epidemiology of plague, it 
results that all of the rats living in a city where there has’been a case of 
plague in man are the animals which have resisted the contagion, either 
liecause they were infected and recovered, or because they remained 
unaffected. I have then, investigated the virulence of the intestinal 
bacteriophage of the rat toward B. pcdv>. 

First. IVenty-one specimens of the excrement of rats taken from 
towns in Indo-China free of plague were examined. The intestinal 
bacteriophage was found, active against one or another of the intesti- 
nal bacteria, but it never showed any virulence whatever for B. pesh's. 

Second. A small epidemic of plague (eleven fatal cases) occurreil in 
the village of Bac Lieu, in the efvstem part of Indo-rhina, during July, 
1920. On the following Gth of Noveml>er I procured in this town four 
specimens of the excreta of rats, each specimen composed of some 
dozens of particles, and certainly derived from several individuals. 
The tests for xirulence against B. pentia gave the following results: 
Specimen derived from a granary -+-•+■ 

Specimen derived from the embarkment quay -f -f + 
Specimen derived from a decorticating mill -f- -t- + 

Specimen prociued in tlie house of a native -f-f-f 4- 
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Those rats which have survived an epizootic,, therfefore, harbor in 
their intestine a bacteriopha^ possessed of a high virulence for 
pestis. 

Plague has existed in the sporadic form in the region of Phantiet, in 
southern Annam, for about twenty years. I obtained specimens of 
the excrement of rats in the infected villages, each specimen being com- 
posed of the feces derived from several animals. The results of the 
tests for the virulence of the intestinal bacteriophage in these specimens 
were: 

Village V iruUnce 

ThieuDuc ++ 

Hung Long + 

Duo Hang +++ 

Due Thang -f-+ 

Tri Long ++ 

PhuTay ' +++ 

Cu Long + 

The results are thus identical with those secured at Bac Lieu, although 
the virulence seems to be somewhat lower, but this can only be of rela- 
tive importance since in the present case each specimen was composed 
of the excreta taken from several rats; the results then, indicate only an 
average. 

Is the bacteriophage present in all of the rats of an infected region or 
only in a certain number? At Phantiet I collected the excrement of 
six young rats, according to their weight, aged from three to four 
weeks. Examination showed that four of the specimena contained a 
bacteriophage active for B. pestis (+) while two did not. These last 
two animals were therefore susceptible to plague. 

From the results given above one may conclude that, as for avian 
typhosis and for barbone, the cause of the resistance against B. pestis 
is the presence in the organism of a bacteriojuiage possessing a virulence 
for this bacillus. 

How is the adaptation effected in the case of B. pestis? At different 
times it has been noted that the bacillus has been found in the intestinal 
contents of victims of plague. Thus, it is possible for them to be dis- 
seminated by the feces throughout the external world where they may 
again be ingested. The bodies of dead rats constitute another mode of 
dissemination. These bodies are often devoured by the surviving rats 
and this extends the infection. In those animals which resist and which 
are infected the intestinal bacteriophage is maintained virulent for the 
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pathogenic bacillus. But observation and direct experimentation have 
shown us that a bacteriophage is only possessed of a viriilence for a 
bacterium when the ingestions of this bacterium are frequent. The 
pcnnanence of the virulence of the intestinal bacteriophage of the rat 
against the plague bacillus indicates the persistence of this bacillus in 
the external world, at least for several months after the last human case 
has taken place. Moreover, the revival of the epidemic each year in 
certain localities, Bac Lieu for example, shows that it can not be other- 
wise* (d’Herelle,®*’)* 


4. BACILLARY DYSENTERY 

During the course of the epidemic of dysente^ which occurred in the 
region of Paris during the early autumn of 1918, an opportunity was 
given to observe twenty-nine cases of benign diarrhea. In all of these 
cases a bacteriophage of very high or extreme aiitivity for the Shiga 
bacillus was isolated from stools taken the day after the malaise. This 
bacillus was the cause of all the severe cases studied at Itiis same time. 

Living at this time in a locality (Meulan) where sevei^ severe cases 
of dysentery were noted together with a large number of cases of transi- 
tory diarrhea, I examined the stools of nine persons who were healthy, 
but who lived in contact With individuals vihxo had hftd dysentery. 
From these nine individuals a bacteriophage of average oirhigh activity 
fur the Shiga bacillus was isolated. We have noted above i^hat the same 
fact was observed in the institution where Germaine M^. . . . had 

contracted dysentery. Individuals who are exposed to infection and 
who resist show therefore in their intestine a bacteriophage virulent 
for the caiisative pathogenic bacillus, exactly like the affected individuals 
who recover. 

This would make it appear that in an epidemic period the simple cases 
of diarrhea must in reality be cases of aborted bacillary dysentery, 

* Demonstration of the presence of a bacteriophage active for B, pestis in the 
rata of a locality would in certain cases be very useful, for it would indicate the 
presence of the bacillus in the exterior world and the possibility of a renewal of 
the epidemic, bluch a demonstration might also be useful in establishing a 
retrospective or doubtful diagnosis. Suppose a few suspicious deaths have oc- 
curred in a group some time previously. The presence in the rats of the neigh- 
borhood of a bacteriophage showing a virulence for B. pestis would eliminate all 
doubt; the deaths were due to plague. Or, the question of the nature of a epizoo- 
tic among the rats may be in question. Was the mortality due to plague? The 
demonstration of a bacteriophage active for B. pestis either in the dead rats or 
in those that have survived provides the answer. 
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thanks to th^ rapidity with which the intestinal bacteriophage adapts 
itself to bacteiiophagy against pathogenic bacteria. And healthy 
individuals, living in contact with affected people, are only spared by 
virtue of a still more rapid adaptation occurring before morbid symp- 
toms appear (d’Herelle’*^)* 

5. PLACHBRIB OF THB SILK-WORM 

A few experiments have been made on this disease, but only for the 
purpose of determining if defense against infection in invertebrates is 
also assured by the bacteriophage. 

In a breeding-place in Cochin-China a certain number of silje worms 
died of a disease presenting all of the characteristics of flaeherie. 
Examination of the excreta of the sick worms, as well as of the cadavers, 
showed the presence of a cocco-bacillus. Gram-negative, which was not 
present in the dejections of healthy worms. The ingestion, on mulberry 
leaves, of some of the culture of this cocco-bacillus reproduce the dis- 
ease; eleven out of twelve worms dying in from six to eleven days after 
the infecting feeding. 

Three filtrates were prepared from the excreta of healthy worms liv- 
ing in the baskets where the affected worms were found. These three 
filtrates contained a bacteriophage of moderate or high virulence 
(++,+ ++, 4- f+) for the cocco-bacillus. On the other hand, two 
filtrates were prepared, the one with the intestinal contents of a sick 
wonu, the other with the intestinal contents of a worm which had died of 
the infection. Neither contained a bacteriophage active -for the cocco- 
bacillus. 

These experiments have not been carried further, since the desired 
end had been attained. They were adeciuate to show that the facts 
observed in infectious disease in mammals were reproduced in an infec- 
tious disease of an invertebrate. From this it seems logical to conclude 
that the defense of the organism by the bact< riophage must constitute a 
general fact throughout all animals (d’Herelle’'®*)* 

r6sum£ 

Whether it lie a disease purely intestinal in nature, as bacillary dysen- 
terj.'; a disease both intestinal and septicemic, as avian typhosis; a pure 
septicemic disease, as barbone in the buffalo; or a septicemia with 
glandular localizations, as bubonic plague; the behavior of the bacterio- 
phage protobe during an epidemic is the same. 

During an epidemic we find, reproduced on a large scale among a 
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community of individuals, the struggle which occujps within the single 
infected individual between the bacterium and the protobe. 

The bacteriophage protobe is transmissible from one individual to 
another just as is the bacterium itself. The history of an epidemic is, 
in the last analysis, the story of an infection with two microorganisms. 
The epidemic ceases at the moment when all susceptible individuals 
harbor a bacteriophage active for the causative organism of the epidemic. 
Either the bacteriophage has acquired virulence in the body of the indi- 
vidual who harbors it, or this individual has been “contaminated” 
by a bacteriophage which has acquired a virulence in another individual 
for the specific bacterium involved (d’Herelle®**). 



CHAPTER V 

Immunization with Bacteriophage Suspensions 
1. the problem of prophylactic immunization 

The fact that following the administration of bacteriophage suspen- 
sions by injection an effective and durable immunity is obtained bias 
been stated in a number of my publications. As we will see, 

this conclusion based on my own experiments, has been confirm^ 
by a number of different authors. Other authors, on the contrary, 
report that their attempts at immunization against experimental 
infections with bacteriophage suspensions resulted in very definite 
failures. Among this last group may be mentioned Meissner and 
Baars,^®® Kramer*®^ and Levy,^^^ all of whom selected as a test disease 
the infection of mice caused by B. typhi murium. I may add that I, 
also, have failed up to the present time to demonstrate an acquired 
immunity in experimental plague of the guinea pig, and Flu has in- 
formed me that he has been equally unsuccessful. 

I'o what is this lack of success in experimental disease due, when 
such an efficient immunity is obtained in several natural infectious 
diseases? Undoubtedly the reasons are multiple. 

In the first place, it is obviously foolish to assume that one can 
take any suspension of the bacteriophage whatever and inject any 
quantity whatever into any kind of an animal and thus obtain an 
immunity. We will see, for example, that although the question of 
the size of the dose injected does not appear to be of any great impor- 
tance in the case of avian typhosis, it is, on the contrary, of the utmost 
importance in the case of hemorrhagic sept^Ci mia in the buffalo. 

In the second place, the (question of the experimental animal is 
another factor of consequence. This is shown very clearly by the 
fact that, stimulated in some way by an injection of a suspension of 
the bacteniophage, buffalo and cattle acquire a solid and durable im- 
munity against hemorrhagic septicemia, while, on the contrary, it 
has been quite impossible, in spite of many attempts, to obtain the 
slightest immunity in rabbits. Cattle, animals naturally susceptible, 
arc, therefore, capable of being immunized; the rabbit, an animal 
which does not contract barbone spontaneously, can not be immunized. 

509 
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But while many of these questions are of the greatest theoretical 
interest, I must add that I am absolutely indifferent toward the study 
of such fictitious immunities, developed for fictitious' experimental 
diseases. The only thing that interests me in this connection is the 
immunity obtained against the natural disease. Upon several oc- 
casions I have expressed my ideas on this subject.®***®^® 

2. IMMUNIZATION AGAINST AVIAN TYPHOSIS 

Immunization experiments made in a region where the epizootic 
was present, as was true in the case of avian typhosis, presented an 
especial difficulty, or rather, a complication. It has been mentioned 
that aside from the typical typhosis, due to B. gaUimrum, there are 
several varieties of paratyphoses, each caused by a particular species 
of bacterium. The differences which these bacterial species present 
from the biochemical and agglutinative points of view and which serve 
to differentiate them are of no particular significance frpm the point 
of view of this study. In bo far as action of the ba>i^riophage is 
concerned for each of these, a race of bacteriophage having an extreme 
virulence (+4- ++) for B. gallinarum possesses the«ame activity for 
all the French and American strains as well as for B. jeffersonii. The 
activity is less pronounced for B. pullorum A, still less for B. pullorum 
B, and is lacking for B. pfaffi and for B. rettgeri. With such a race 
of bacteriophage the reactions are: B. gaUimnm ++++, B. jef- 
fersonii ++++, B. pullorum A ++, B, pullorum B +, B. pfafi 0, 
and B. rettgeri 0. Inversely, a race of bacteriophage secured from 
fowls re.sistant to paratyphosis due to B. pfaffi, (focus at Trainel, Aube) 
had the following virulences: B. gallinarum 0, B. jeffersonii 0, B. pul- 
lorum A 0, B. pullorum B +, B. pfaffi + + ++, and B. rettgeri 0. 

The immunization experiments thus become singularly complicated, 
particularly since both typhosis and the paratyphoses may be found 
in the same areas, as is also true for human enteric infections. In 
routine practise the solution is simple; it is sufficient to immunize the 
poultry with a mixture of different races of the bacteriophage active 
against the diveiae pathogens, the causes of typhosis and the para- 
typhoses. In the preliminary investigations this was not possible, 
for the differences between the different diseases had not been recog- 
nized when 1 first undertook this study. The different baciUi, the 
agents of the paratyphoses, had been studied in the United States but 
their simultaneous presence in foci of typhosis had not been noted. 
And in so far as B. pfaffi is concerned, discovered by Pfaff in an epi- 



IMMTmiZATION WITH BACTEMOPHAGB SUSPENSIONS 


511 


zoDtic in Vienna, it had not then been incriminated as capable of pro- 
ducing disease in the Gallinaceae. These facts have only been dis- 
closed gradually in the course of these investigations. 

The suspensions of bacteriophage used in the immunization experi- 
ments were prepared in the following manner: 

A culture of B. galUnarum, in Martin bouillon, aged nine or ten 
hours, that is, very young but showing a definite turbidity, is inocu- 
lated with a bacteriophage isolated from the excreta of a recovered 
chicken and possessing a. high vintlence for the pathogenic bacillus. 
After about 12 hours the bacterial dissolution is completely finished and 
the bouillon is perfectly limpid. . This material is filtered throu^ a 
bougie and distributed into ampoules which are sealed. 

The dose employed for unmunization has lieen in all cases 0.5 cc., 
given subcutaneously. The, point of injection is of no importance for 
the slightest local or general reaction has never been observed. 

Experiment I. The following experiments were conducted in 1919 
and 1920 in tibe neighborhood of Agen with the assistance of M. Lam- 
bert, D.V.M. , 

Barnyard 1. The epizootic began in August, 1919. By October 2, 
110 of 160 fowls had died. The 50 survivors, of which 5 were already 
affected were inoculated with the bacteriophage. The 5 sick chickens 
recovered and the epizootic stopped abruptly and definitely on the 
same day as the immunization. 

Barnyard 2. The epizootic began about August 20. By October 6, 
120 of 200 fowls had died. The 80 survivors, of which 7 were sick, 
received an injection of the Gallinarum-bacteriophagc. Tlie 7 re- 
covered; the epizootic immediately and permanently disappeared. 

Barnyard 3. The epizootic began October 10. By the 15th, 21 
fowls had died. The 130 that were alive, of which 8 were already sick, 
were inoculated. The 8 recovered and the epizootic disappeared 
from the day of the inoculation. 

Barnyard 4. The epizootic began about November 15. By Decem- 
ber 1, 26 of 51 fowls were dead. The 25 survivors, among which were 
4 which were infected, were inoculated. One of the sick animals died, 
the other 3 recovered. The mortality stopped from the date of the 
inoculation. 

Barnyard 5. The epizootic began about November 25. By Decem- 
ber 1, 7 of 60 chickens had succumbed. The 53 survivors were in- 
oculated. Of these 4 were sick. The sick animals recovered and no 
new cases appeared. 



512 


THB BA.CrBBIOP£UOB AND ITS BBHAVIOB 


Bamyard 6. 'fhe epizootic began on December 16. On the 28th, 
40 of 142 fowls had died. The 102 survivors, of which 3 were infected^ 
were inoculated. The sick recovered an,d the disease abruptly stopped. 

Bamyard 7. The epizootic began on January 2. By January 14, 
15 of 50 animals had died. The 35 survivors were inoculated. No 
new cases developed from this time on. 

Bamyard 8. The epizootic began about January 15 with a daily 
mortality of 4 to 6 fowls. On January 21 the 121 survivors, including 
5 which were sick, were inoculated. The sick recovered and the 
epizootic stopped at once. 

Bamyard 9. The epizootic began about Febraary 10. By Feb- 
ruary 20, 14 chickens had died from among the original 84. The 
70 survivors were inoculated and the disease disappeared at once. 

Bamyard 10. The epizootic began about February 25. By March 
1, 20 chickens had died. The 120 survivors, of which 5 were sick, were 
inoculated. The 5 recovered and the epizootic stopped. 

Bamyard 11. The epizootic began on Febmary 4. Fn^ Febmary 
4 to 10, 10 chickens died. On February 10 the 48 livin^lowls were 
inoculated in the wmg with 0.5 cc. of the Gallinarum-bBcteriophage, 
as had been all the chickens in the ten preceding experiments. The 
epizootic continued its course and 5 chickens died from February 10 
to 17. On February 17 the 43 fowls which remained wer#4noculated 
with 0.5 cc. of a mixture of four races of the bacteriophage: active 
against B. gaUincarum, B. puUorum, A, B. puUorum B, and B. pfaffi. 
The epizootic stopped immediately after this second inoculation. 

Bamyard 12. This bamyard was adjacent to the preceding and 
here the same facts were observed. A first inoculation made on Feb- 
maiy 9 on 80 chickens with a suspension of the Gallinamm-bacteiio- 
phage was without effect. The epizootic stopped abruptly after an 
inoculation of bacteriophage active for the bacillaiy agents of tl>e 
paratyphoses, made on February 17. 

Examination of the blood of fowls dead in Bamyard No. 12 resulted 
in the isolation of a B. pfaffi type of bacillus. This organism, then, 
was responsible for the epizootics in groups 11 and 12. In this con- 
nection I will only mention the instance of the epizootic of paratyphosis 
at Trainel mentioned elsewhere. This outbreak was likewise due to 
B. pfaffi and was controlled by the inoculation of a Pfaffi-bacteriophage. 

Experiment 11. This was performed at Foully en Auxois with the 
assistance of MM. Voillot and Bouhier, D.V.M. 

Bamyard 1. On January 5, 20 chickens were taken at random from 
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a poultry-yard containing about 100 fowls where typhosis had appeared. 
These 20 were immunized with a suspension of Gallinarum-bacterio- 
phage. On February 7 the immunized birds were all alive and in 
perfect condition, while the epizootic had continued to spread among 
the non-immunized animals, of which only about 20 remained. 

Barnyard 2. On February 23 the surviving chickens of a poultry- 
yard containing at that time 102 animals were inununized. The 
epizootic which began about 10 days previously, and which had resulted 
in a daily mortality of 4 or 5 chickens, stopped quickly and perma- 
nently from the time of the immunization. The epizootic continued, 
on the contrary, to ravage with the same intensity as formerly in all 
the neighboring poultry-yards which served as controls. 

Experiment III. This experiment was conducted at Provins, with 
the aid of M. Sorriau, D.V.M., in an important poultry-yard where 
typhosis was present in endemic form. 

For several months the daily mortality had been 2 or 3 fowls. On 
January 25 the 225 suiwivors were immunized. The epizootic im- 
mediately and permanently disappeared from the date of the immuni- 
zation. 

Experiment IV. Performed at Rouillac, Charente, with the assist- 
ance of M. Chollet, D.V.M. 

On December 15, 100 fowls were immunized in a poultry-yard where 
typhosis had appeared about ten days previously. The daily mor- 
tality had been from 4 to 0 animals. With the immunization there 
was an immediate and peiuianent cessation of the epizootic. Typhosis 
continued to prevail on all the neighboring farms. Among the 100 
chickens inoculated, about 12 were already affected. Of these only 
2 died, 2 and 3 hours after the injection. 

Experiment V. This test was conducted with the assistance of Dr. 
Ormidres at Carcassonne. 

The epizootic began during the month of \ugust. By October 1, 
80 chickens had succumbed. The 120 survivors were immunized. 
The epizootic stopped immediately and no further cases appeared after 
the date of the immunization. 

Experiment VI. This experiment was conducted with the asdstance 
of M. Mesnard, Departmental Veterinarian at Angoul&ne. In these 
expeiiments the chickens were immunized by the ingestion, on bread, 
of about 1 cc. of a Gallinarum-bacteriophage. 

A. On July 2 the 50 chickens surviving in a poultry-yard where 
typhosis had been prevalent for six weeks, with a daily mortality of 
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2 or 3 fowls, each ingested about 1 cc. of the bacteriophage suspension. 
Seven months later no new case had developed since the time of the 
ingestion. 

B. The same test was performed on October 15 on abdut 100 chickens 
on a neighboring farm where typhosis had been present for several 
months. The epizootic was immediately and completely checked. 

In both of these cases the disease continued to spread throughout 
the neighboring poultry-yards that were held as controls. 

It appears needless to multiply such ejiamplea, ' In all cases the 
picture has been the same. The epizootic disappeared from the time 
that the bacteriophage virulent for the pathogi^c bacterium, the 
cause of the epizootic, had been introduced into the organism of the 
susceptible anhual, whether this introduction was by injection or inges- 
tion. We will see later that this last mode of administration is some- 
what less efficient than injection. 

On the contrary, injections of a suspension of a bacteriophage active 
for B. galKnarum, the specific cause of typhosis, had;^|dl general, no 
effect when the epizootic was a paratyphosis, particulai^ly in the case 
of infections due to B. pfaffi. In practise, it is only necessary to inject 
a mixture of different races of bacteriophage active for the various 
pathogenic bacteria that may produce the epizootic. This mixture 
should also include a race active for chicken cholefa. H.will be very 
easy to accomplish this, for the dose of 0.5 cc. which I have arbitrarily 
adopted is indeed much larger than necessary, as we will see. Even 
in mixing five or six different strains of bacteriophage, the quantity 
necessary to effect immunization is not more than a fraction of a 
cubic centimeter. 

In the course of the experunents cited there has been no selection. 
All of the animals of the poultry-yard, even though they were mori- 
bund, received the immunizing injection. About 100 sick chickens 
have therefore been injected, and the mortality among these has been 
5 per cent. This is an appreciable reduction since the mortality 
Rmong affected animals varies from 100 per cent at the beginning of 
the epizootic to 95 per cent, when, after some weeks, the disease 
appears only in sporadic cases. 

A suspension of the bacteriophage, as we have shown in several 
ways, is composed of bacteriophage corpuscles suspended in a medium 
containing the dissolved bacterial substance, the bacteria which have 
been destroyed by the action of the protobes. What, among these 
different principles, is the one which plays the active rOle in the protec- 
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tion of the healthy animal or in the one already sick, under the con- 
ditions of the experiment, that is, in a contaminated area? Unques- 
tionably it is the bacteriophage corpuscles themselves. The immediate 
protection assured by the injection or even by the ingestion of the 
bacteriophage suspension suffices to demonstrate this. An organic 
immunity necessarily requires a certain time for its development. 
Other phenomena of immunity, organic in nature, are produced only 
after an incubation period, as the experiments on barbone will show. 

For the moment, let us conclude only that with sensitive animals 
immunized by the injection of a suspension of the bacteriophage active 
for the causative pathogenic bacterium, in a contaminated area, that 
is to say, in an area where frequent reinfections may take place as a 
result of the dissemination of the pathogenic bacteria in the external 
environment, the principal r61c of protection is played by the bacterio- 
phage itself. The other phenomena of immunity which may later 
develop, stimulated by the other substances contained in the material 
injected, play no r6lc under such conditions unless it be a very second- 
ary one. We will see that this proposition becomes reversed when 
similar experiments are carried out in a non-contaminated area.*“***' 

At the Institute of Parasitic and Infectious Diseases at Utrecht, 
Kramer^®’ has carried out a series of experiments under conditions 
comparable to those under which my work was done. And as this 
question of the immunity conferred by the bacteriophage is of the 
greatest importance from the point of view of our knowledge of “ex- 
ogenous” immunity, I venture to insert in this text summaries of the 
different experiments made by this author, since it maj'^ be that this 
confinnation of my findings may promjit other investigators to follow 
this method. 

In the first place, Kramer calls attention to the fact that, contrary 
to what is reported by other authors, de Blieck was unable to obtain an 
immunity against natural avian typhosis by injections, smgle or 
repeated, of vaccines made of heated bacterial bodies, or even by cm-' 
ploying “auto- vaccines.” Incidentally, the experiments of Kramer 
also show that a passive immunity is not conferred by the so-called 
antibacterial sera. 

Without further discussion, let us consider Kramer’s experiments 
and the results which he obtained. The data presented below is 
extracted from his protocols. 

Observation 1 . Epizootic typhosis. 

Fifty of 100 pullets had died within a period of 8 days, Cultural 
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diagnosis established B. gaUmarum as the causative agent. The 
50 survivors, of wWch Mlf were already affected, received one intra’ 
muscular injection of 2 ec. Of a suspension of bacteriophage virulent 
for the pathogenic' bacteriiun. . During the three following weeks 
there were 8 deaths, and, then the epi|ootic again broke out with its 
original vigor. The 22 survivors received a second injection. The 
disease stopped permanently. 

Observation £. Enz^tic due to gallinarum. 

There had been f^nt 1 to 2 deaths per day. The 160 survivors 
received an injection of 1 cc. of the bacteriophage suspension. The 
mortality was arrested, only to later break out again. Four weeks 
after the first, a second injection was given. The enzootic then stopped 
permanently.* 

Observation S. Enzootic due to B. gallinarum. 

■Within the past year there had been 250 deaths. The 150 survivors 
were divided into three lots, the animals comprising the different 
groups receiving 2 cc., 1 cc., or 0.5 cc. of the bacteriophlLge suspension. 
The enzootic was suddenly arrested from the day o( the injection. 
None of the animals died during the 6 months following. 

Observation Enzootic due to B. gaUinarum. 

This occurred in a brood of chicks. It had lasted for 4 weeks, with 
from 1 to 4 deaths per day. Each of the 80 survivors (out of an oiiginal 
1.50) received an injection of 1 cc. of the bacteriophage suspension. 
There were 4 deaths on the day of the injection, 2 on the next day, 
and then the enzootic permanently disappeared. 

Observation 5. Enzootic due to B, gallinarum. 

The pullets had received a previous injection of an anti-gallinarum 
serum, but no effect upon the mortality had been observed. The 300 
survivors received an injection of 1 cc. of bacteriophage suspension. 
The enzootic stopped at once and did not recur. 

Observation 6. Epizootic due to B. gallinarum. There had been 
3 to 4 deaths per day. One cubic centimeter of a bacteriophage sus- 
pension was injected into each of the 150 survivors. The disease dis- 
appeared immediately and permanently. 

Observation 7, Epizootic due to B. gallinarum. 

Of 110 pullets 30 had died within the past 2 weeks. Among the 
80 survivors, 40 received an injection of an anti-gallinarum serum, 

* “Arrest” of the epizootic or enzootic means that from the time indicated 
none of the animals died. This is not a relative measxire of effect, but an absolute 
value. 
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and the remaining 40 received an injection of bacteriophage suspen- 
sion. The disease suddenly stopped in the lot which had received 
the bacteriophage, while the mortality continued *mthout diminution 
in the group which had received the serum. After a few days, the 
survivors of the serum-treated let were inoculated with 1 cc. of bac- 
teriophage suspension. 'l''hereupon the mortality in this group sud- 
denly stopped. 

Observation 8. Epizootic due to gallinari^. 

There had been 3 to 4 deaths p§r day. Jnunjection of 1 cc. of 
bacteriophage suspension was given to each of the 100 survivors. 
The epizootic was immediately and pennanently arrested. 

Observation 9, An enzootic involving a group of fanns. 

On one of the farms 98 out of a total of 150 pullets had died within 
the past 6 months. The mortality was very irregular; some weeks 
none of the animals died, in others as many as 12 succumbed. Among 
the survivom, 25 were inoculated with 0.5 cc. of the bacteriophage sus- 
pension, the other 27 with 1 cc. The disease disappeared from this 
barn-yard from the da}'^ of the inoculation, although it continued as 
before to destroy tlie animals of the neighboring farms where the pul- 
lets had not been immunized. 

Observation 10, Epizootic due to B, gallinaruvi, 

( )ut of a total of 110 chickens, 15 had died within 4 days. Each of 
the survivors received an injection of 0.5 cc. of a bacteriophage sus- 
])ension. Three chickens which were very sick at the time of inocula- 
tion died; no further deaths occurred. 

Obsen uUofi tU Epizootic due to B, gallinarum. 

The record showed 150 deaths within the past 2 months, out of a 
total number of 400. The 250 survivors received an injection of 0.6 cc. 
of a bacteriophage suspension. In the 2 months which followed a few 
of the pullets died from time to time. A second injection of 0.1 cc. of 
l)acteriophage suspension was given. Thcv».ai)on the enzootic stopped 
^permanently. 

Here, as a result of the first injection, the epizootic assumed the 
character of an enzootic, and a second injection was necessary to 
arrest the enzootic. 

Observation 12, Epizootic due to B. gallinarum. 

This outbreak took place on a farm which had three separate chicken 
yards. The epizootic began in yard No. 1, containing 225 chickens. 
The mortality here was 7 to 8 per day. The disease next extended to 
yard No. 2; and at the time when the experiment began it had not 
yet reached yard No. 3. 
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Yard No. 1. The 100 survivors received an injection of 0.5 cc. of 
bacteriophage suspension. Five chickens died immediately after the 
injection, and then there were no further deaths. 

Yard No. 2. Here there were 3 deaths per day. The 24 survivors, 
despite the fact that the majpriiy of them were already infected and 
showed the s 3 ntnptoms of the disease, received an injection of 0.5 cc. 
of bacteriophage suspension. The animals that were very sick died, 
then the epizootic was arrested. 

Yard No. 3. The disease had not yet invhded this yard, in which 
there were 100 chickens. All of them received as a prophylactic 
measure an injection of 4 cc. of an anti-gallinarum serum. Four 
days after this injection the epizootic began, 4 or 5 animals dying 
each day. Five days later, when 80 chickens still remained aUve, each 
one received 0.5 cc. of bacteriophage suspension. The epizootic 
stopped at once. 

Observation IS. Epizootic due to B. gallinarum. 

The race of bacteriophage used in this experiment had but a weak 
virulence for a strain of B. gaUinarum isolated from the blood of one 
of the chickens dying in the henyard. The 100 survivors received an 
inoculation of 0.5 cc. of the suspension of bacteriophage of low viru- 
lence. There was no effect. Two weeks later a second injection was 
given. The mortality diminished, but the disease did not disappear. 
This experiment is oxtremelyJJ^interesting for it shows two things: 

First: That immimization does not take place if the bacteriophage 
inoculated does not possess a virulence sufficient to overcome the 
pathogenic organisms; 

Second: That it is clearly the bacteriophage which is effective, and 
effective as a parasite of the pathogenic bacteria. K the active princi- 
ple were some soluble substance of the bacteria, the virulence of the 
bacteriophage, with the associated possibility of secondary cultures, 
would he of little consequence. 

Observation I 4 . Enzootic due to B. gallinarum. 

The infection here had lasted throughout several months. An in- 
jection of 0.5 cc. of a bacteriophage suspension was given to each of the 
200 survivors. The enzootic stopped abruptly and finally. 

Observation 16. Epizootic due to an atypical B. gaUinarum. 

In this epizootic there had been 3 or 4 deaths per day. Isolation of 
the pathogenic bacterium showed that^thejeausative agent was’an 
atypical strain of B. gallinarum, but the race of bacteriophage available 
possessed a very high virulence for this bacillus. The 317 survivors 
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received an injection of 0.1 cc. of the bacteriophage. A large number 
of these animals were already showing symptoms at the time of the 
inoculation. All of the sick chickens recovered and the epizootic 
permanently disappeared. This experiment confirms that recorded 
above, in that it shows that the effective principle is the bacteriophage 
protobe itself, functioning because of its virulence. The dissolved 
bacterial substances do not contribute in any way to the processes of 
immunity which immediately follow the inoculation. 

Observation 16. Epizootic due to B. galKnarum, 

Within the past month there had been 23 deaths. The 71 survivors 
received an injection of 0.1 cc. of a bacteriophage suspension. The 
epizootic stopped immediately and completely. 

Observation 17. Epizootic due to B. pullorum A. 

T'his started in a brood of chicks when they wore 4 days old. Be- 
tween the 5th and 10th days there were 80 deaths out of a total of 137. 
On the 10th day the chicks ingested with the drinking water a suspen- 
sion of bacteriophage which was virulent for both B, gaUinarum and B. 
j)ulbrum. Three more chicks died and then the disease was arrested. 

Observation 18. Epizootic due to B. pullorum A. 

This epizootic was also among young chicks. The Gallinarum- 
bacteriophage showed a definite virulence for the B. puUorum isolated 
from the intestine of one of the chicks of this brood which had died. 
Of the 500 chicks, 150 had died within the first two weeks after hatch- 
ing. The survivors ingested a suspension of bacteriophage mixed in 
the drinking water. The epizootic was transformed into an enzootic, 
that is, the disease persisted but with a lessened and very irregular 
mortality. 

Observation 19. Epizootic due to B. puUorum. 

This developed among chicks 6 days old. Here again the bacterio- 
phage was administered by ingestion in the drinking water. The race 
used was virulent for B. gaUinarum. Out of a total of 500 chicks, an 
average of 16 had died daily prior to the ingestion. An in vitro teat 
showed that the Gallinarum-baeteriophage possessed also a strong 
virulence for a strain of B. puUorum isolated from a chick of this hatch- 
ing which had died. This bacteriophage was mixed with the drinking 
water. The mortality diminished considerably, althougli during the 
few days following the ingestion 30 chicks died. The suspension was 
again added to the water and a second ingestion was accomplished. 
From this time on the disease disappeared completely. 

Observation 20. Epizootic in 14 day old chicks. 
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There remained but 93 out of a total of 200. The race of the bac- 
teriophage used proved to be very virulent for the pathogenic bacillus 
isolated from one of the dead chicks. The survivors received an in- 
jection of 0.5 cc. of the bacteriophage suspension. Two died after the 
injection and then the epizootic ceased. 

Kramer concluded from these experiments that the bacteriophage 
certainly plays a r61e in immunity. 

To this modest conclusion I may add that the experiments of this 
author show definitely that the immunity conferred experimentally 
is proportionate to the virulence which the bacteriophage administered 
has for the strain of the pathogenic bacterium which is causing the 
epizootic. 

A favorable result, either in prophylaxis or in therapy, can hardly 
be expected unless a race of the bacteriophage is used which has a 
maximum virulence for the pathogenic agent against which the develop- 
ment of an immunity is desired. To attempt to work with races, of 
low virulence is simply to invite certain failure. . u - ' 

3. IMMUNIZATION AGAINST BARBONE 

Together with Le Louet, one-time Chief of the Veterinary Service 
of Cochin-(yhina, I have made some studies on immunity in barbono, 
or hemorrhagic septicemia of the buffalo. 

Thanks to the liberality of the Government of ( Vc^h in-China, which 
placed at our disposal all the animals, steers and buffaloes, which wo 
needed, we have been able to study in detail certain of the conditions 
underlying immunization by means of ^he bacteriophage. Barbono 
is, indeed, an ideal disease for a study of this type. The blood taken 
from an animal about to die of the disease can be preserved in sealed 
ampoules for at least six months without any loss in the virulence of 
the bacteria present. Bouillon inoculated with a drop of this l>j )od 
yields a culture which regularly kills the steer or the buffalo in a dose 
of 0.0002 cc. With half this dose, 0.0001 cc., usually one out of two 
animals will l)e killed. Experimental infection reproduces the spon- 
taneous disease in the most minute details; the same temperature 
curve, the same symptoms, the characteristic edema at the point of 
entrance of the virus. Like the natural infection, the disease is 
fatal; all animals succumb and death occurs in the same length of time 
in the two cases, within twelve to eighteen hours from the appearance 
of the first symptoms. The lesions to be found at autopsy are identical. 
Immunization experiments conducted with such a disease provide, 
then, absolute results. 
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I may state here, once for all, that each time that Hie immunity 
of one animal has been tested by the inoculation of a culture of the 
bacterium of barbonc this test has been controlled by the injection of 
an equal dose into a control animal of the same weight, and never has 
the control resisted. Furthermore, although there can be no possible 
doubt concerning the cause of death, confirmation has always been 
made by microscopic examination, by blood culture, and by the dem- 
onstration of the lesions at autopsy. The temperature of the experi- 
mental animals was taken regularly, morning and evening, and the 
slightest reaction in the immunized animals could not have passed 
unobserved. 

The race of bacteriophage employed for the prejiaration of the 
suspensions destined for use in the immunization experiments had 
been isolated from the feces of a buffalo which had passed unaffected 
through the epizootic mentioned in the preceding chapter. This 
bacteriophage possessed, when derived from the oi^nism, a strong 
virUtePce (-f- ++) for the bacterium of barbone. After about ten 
passages in vitro the virulence became extreme (+ + -h-H), and at this 
time it w.as used. 

A fairly turbid bouillon culture of the bacterium of barbone about 
12 hours old received one drop of the previously described active 
(+ -t- + +) .llarbone-bacteriophagc. After about 12 hours the medium 
became perfectly limpid. This culture was filtered through a Cham- 
borland fdter (Ls) and distributed into ampoules, which were sealed. 
I would call attention to the necessity of employing only suspensions 
in which the dissolution of the bacteria has been complete. Such 
susi)on;iions ought, moreover, to be filtered because of the fact that a 
secondary culture may develop in some of the tubes. 

'fhe suspensions of Karbone-bacteriophage have been used after a 
variable length of time,— from twenty days to five months after their 
preparation. No difference has ever been observed in their mode of 
action, whatever the time elapsed between the date of preparation 
and the time of use. 

All of the experiments, except those dealing with the effect of the 
age of the animal uiron the development of immunity, have been 
effected on steers of the indigenous race, in a perfect state of health, 
aged from twelve to eighteen months, and of an average weight of 
100 kgms.,* and on buffaloes aged from one to twelve years. The 
bovine race and the buffalo are equally susceptible to barbone. In 

* The race in Indo-China is of small size. 
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Egypt, Piot has been hbrds of cattle decimated to the same extent as 
the herds of buffalo. According to our, observations the bifffalo may 
be rather easier to immunize tUau cattle. 

Let us consider first the ei^riments conducted for the purpose of 
determining what -conditions control the development of the im- 
munity resulting from the injection of a suspension of the bacterio- 
phage. The size of the dose and the age of the animals are the two 
principal factors whose variation has the greatest influence on the 
result. To facilitate discussion, we may consider the effects of smaller 
and smaller doses, although in reality the chronological order of the 
experiments was somewhat different, since the tests were first made 
with the injection of a dose arbitrarily fixed at 5 cc. In this experiment 
the animals all died, when the test injection was given twenty days 
later. Thinking that the immunizing dose was inadequate it was in- 
creased in the next test to 20 cc. Here again, the results were the same. 
It was only somewhat later, when smaller doses were employed, that 
the treatment proved to be efficacious. We have seen already that 
immunization by means of bacteriophage cultures presents individual 
peculiarities. 

Determination of the immunizing dose 

I. Eight steers received 20 cc. of the bacteriophage suspension 
subcutaneously. Six of these were tested after a lapse of time varying 
from fifteen to forty days by the inoculation of a quantity of barbonc 
culture representing certainly 50 fatal doses. All died in the same 
length of time as the control animals. The remaining 2 were tested 
also with 50 fatal doses, sixty days aftei the immunizing injection. 
They showed no obvious disturbance. The two controls died in 
'ninete('n. and twenty-two hours after the inoculation of virulent 
rnaterial. 

II. Four steers received, subcutaneously, 5 cc. of the bacteriophage 
.suspension. Three were tested after thirteen, fifteen and twenty- 
eight days by the inoculation of 50 lethal doses of virulent bacil l i. 
All died in the same length of time as the controls. The fourth was 
tested on the fortieth day. It showed no reaction. The control died 
in twenty-two hours. 

III. Forty-one animals; 25 steers, 4 buffaloes aged from one to 
two years, and 12 adult buffaloes, received an injection of 0.25 cc. of 
the bacteriophage suspension. 

A. Eight steers were tested between the third and twelfth days 
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following the injection by the inoculation of" virulent culture, repre- 
senting, according to the wei^ of, the animal, from 6 to 1000 surely 
fatal doses. All died. V 

B, Twelve steers and one buffalo were tested between the 13th and 
20th days, all by the inoculation of 1000 surely fatal doses of btubone 


TABf.E 68 


ANIMAL 

TBST INJECTION 
1000 FATAL 
DOSES GIVEN 
AFTBH 

RBBtTLT 


dayH 


Buffalo 

13 

Resisted without showing any reaction 

Steer No. 50 

15 

Died 26 hours after the inoculation 

Steer No. 52 

15 

Died 20 hours after the inoculation 

Steer No. 53 

15 

Died 23 hours after the inoculation 

Steer No. 55 

15 

Died 26 hours after the inoculation 

steer No. 56 

15 

Died 25 hours after the inoculation 

Steer No. 38 

15 

Resisted, without showing any symptoms 

Steer No. 27 

16 

Died 68 hours after the inoculation 

Steer No. 20 

16 

Resisted, without showing any symptoms 

steer No. 28 

17 

Resisted, without showing any symptoms 

Steer No. 30 

17 

Resisted, without showing any symptoms 

Steer No. 89 

17 

Died 34 hours after the inoculation 

Steer No. 90 i 

17 

Died 32 hours after the inoculation 

TxVBLE 64 

ANIMAL 

TESTED AFTBlt 

RESULT ^ 


days 


Steer No. 107 

1 

Resisted, no reHrliou whatever 

Steer No. 103 

1 

Resisted, no reaction 

Steer No. 106 

2 

Died 36 hours after the inoculation 

Steer No. 101 

3 

Died 28 hours after the inoculation 

Steer No. 83 

4 

Resisted, no reaction 

Steer No. 84 

4 

Resisted, iio reaction 

Steer No. 104 

5 

Resisted, no reaction 

culture. Five 

resisted, the others succumbed. The experiment is 

given in detail in table 63. 


Two control steers died 

in 22 and 26 hours after the inoculation. 


and one buffalo, as control, died in 19 hours. 

C. Twenty animals; 5 steers, 3 young buffaloes, and 12 adult buf- 
faloes were tested during the period from the twenty-first to' the six- 
tieth day after the immunizing injection. All received lOOO surely 
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fatal doses of culture. .411 resisted without showing any reaction. 
Five control animals died, all between 16 and 23 hourg.after the inocu- 
lation of culture. 

IV. Eight steers received 0.04 cc. of bacteriophage suspension. 
They were tested after a variable number of days by the inoculation of 
5 surely fatal doses of virulent culture. The results are shown in 
table 64. The last steer, No. 102, was tested 60 days after the injec- 
tion of the immunizing dose by the inoculation of 50 surely fatal doses 
of culture. It resisted without showing any disturbance. 

V. A last experiment, as a control, was performed with a view to 
testing the practical application of immunization of buffaloes against 
barbone by M. Le Ixiuet after my departure from SaTgon. Twelve 
steers received by subcutaneous injection 0.25 cc. of bacteriophage 
suspension. They were tested 25 days later by the inoculation of 
2000 surely fatal doses of barbone culture. They resisted wit^Ut 
showing the slightest reaction. The controls died in from 18 to 22 
hours after the inoculation. 

The injection of the bacteriophage did not produce in any of the 
animals, even in 20 cc. doses, the slightest reaction, cither lo(!al or 
general. The temperature curve following the immunizing injection 
could be superimposed throughout on the curves of normal untreated 
animals. From this it is clear that, contrary to general belief, an im- 
munity bordering on the refractory state may be acquired without the 
manifestation of the slightest reaction. 

During the course of these experiments aphthous fever made its 
appearance at Saigon. The animals in the course of immunization 
contracted it but this complication in no instance exerted any influence 
upon the development of immunity to barbone. 

From these different experiments it may be deduced that with a 
large dose of bacteriophage suspension the immunity is slow in being 
established; alxtut forty to sixty days with a dose of 20 cc., more 
than twenty-eight days with 5 cc. With 0.25 cc. it is not effective for 
all animals until about the twentieth day. It then permits them 
to resist without apparent discomfort two thousand surely fatal doses 
of the culture of barbone, that is to say, the immunity conferred borders 
on the refractory state. With the minimal dose of 0,04 cc., or less 
than a nonnal drop, a solid immunity is acquired by the fourth day. 
We are not concerned for the moment with the steei-s which have re- 
sisted after twenty-four hours; the immunity which they enjoy is of a 
different order, as we will sec later. 
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We have seen in the discussion of the phenomenon of antiphylaxis 
that the serum of rabbits which have received several injections of 
bacteriophage suspension possesses the property of sensitizing the 
animals against the bacteria for which the bacteriophage injected was 
active. The delay in the establishment of the hnmunity as a result 
of the injection of large doses of Barbone-bacteriophage ought to induce 
this same phenomenon. The injection produces in the animals two 
phenomena of different orders: an immunity and a sensitization which 
varies in intensity according to the dose inoculated. With a small 
dose the first surpasses the second which disappears quickly; with a 
largo dose, on the contrary, the inliibitive action persists for a very 
long time — about sixty days for an injection of 20 cc. 

The experiments further show that the immunity conferred by the 
injection of suspensions of the bacteriophage is absolute when once 
established, and is negative during the period of' incubation. There 
is' hG intermediary state. The animals, young or old, which receive 
the' test ino(!ulation during the period of incubation die, with very 
few oxceiitions, in the same time as the controls, even if this inocula- 
tion is made at a time very close to that where all the immunized 
animals resist. On the other hand, all those which are tested after 
the incubation period resist without presenting any apparent malaise, 
whatever the test dose may be. It seems indeed, as a result of these 
findings, that after an incubation time, more or less protracted ac- 
cording to the amount of bacteriophage injected, a period during 
which the animal remains as sensitive as a normal anixnal, the im- 
nmniiy increases very rapidly once its manifestation has commenced* 
In a word, the release of immunity is abrupt. 

of the age of the animals on the acquisition of immunity 

We have seen that thirty-two animals, steers, young buffaldfe, or 
adult buffaloes of less than twelve years, h.avc all acquired an immunity 
that approaches the refractoiy condition within twenty days following 
the injection of 0.25 cc. of the bacteriophage suspension. We wished 
to sec how this would compare with the results obtained in old animals. 

'riiree buffaloes between fourteen and sixteen years and five very old 
ariiinals no longer working and certainly more than twenty years old* 

* The buffalo usually lives about twenty-five or thirty years. The Annamite 
never kills a buffalo; old and no longer able to work, it is fed and cared for as 
well as are the younger animals. The attachment of the natives for these buffa- 
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received 0.25 cc. of the suspension of baeteriophage. All ei^t were 
tested forty-three days later by tiie inoculation of 1000 surely fatal 
doses of bacterium barbone culture at the same time as a normal con- 
trol animal. This last died in seventeen hours. One of the tiiiee 
youngest buffaloes showed no reaction other than a transitory edmna 
at the site of the inoculation, the other two showed a voluminous edema 
and were obviously sick, but all three recovered and could be considered 
normal six days after the test inoculation. The five very old buffaloes 
succumbed after 48, 53, 54, fiO, and 142 hours; that is, after a time 
considerably longer than th^ control. Fifteen young animals im- 
munized and tested at the time failed to show any reaction to 
the test injection. 

It is evident that although the test dose was enormous, that did not 
alter the fact that in, the old animals the acquisition of immunity yfras 
much more difficult, somewhat in proportion to the age. The relative 
immunity against an extremely severe experimental test is observ^ 
only in these old animals; with the young or with adults in the prime 
of life, the immunity, as we have seen, is absent during the incubation 
period and complete once it has appeared at all. 

The duration of the immunity 

After my departure from Indo-China, my collaborator M. Le Louet, 
continued the experiments with a view to ascertaining the duration 
of the immunity produced by the inoculation of a suspension of the 
bacteriophage. In Januaiy, 1921, he injected 15 steers, aged about 
one year, with a cubic centimeter of a suspension of the bacteriophage, 
that was about one month old, that is, a bouillon culture of the bacterium 
of barbone which had been dissolved by the bacteriophage one month 
before use. In March, 1922, all of the animals were tested, along with 
nine controls, by the inoculation of 0.1 cc. of a virulent culture of the 
bacterium of barbone. The virulence of this culture was such that in 
amounts of 0.002 cc. it regularly killed steers in less than thirty-six 
hours. Of the animals thus infected all of the controls died in from 
seventeen to twenty-three hours after the injection, while of the vac- 
cinated animals ten resisted without any evident reaction and five died 
in from two to five days after inoculation. 

loes is such that it is difficult to find a person who will sell one of these animals. 
Those which served in the experiments were procured, some through the agency 
of the Governor of Cochin-China, M. le Gallen; others by M. Priv6, Director of 
the plantations of An Loc and Suzannah, without considering the possible loss. I 
offer them my sincere thanks. 
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This experiment shows that fourteen months after the immunizing 
injection two-thirds of the animals possessed an immunity sufficiently 
strong to enable them to withstand a massive dose of the pathogenic 
bacterium. . - ‘ 

The imviunizing principle 

Under the conditions of the experiment, that is to say, in a nonr 
contaminated area, what, in the bacteriophage suspension, is the princi- 
ple which brings about the immunization? 

A preparation of the bacteriophage contains, as we know: 

1. The bacteriophage protobes and 

2. The soluble substances contained in the culture medium. Hiew ; 
are the soluble substances derived from the bacterial bodies at the 
expense of which the bacteriophage has developed, the “products 
resulting from bacteriophagy,” and the metabolic products elaborated 
by- the bacteria prior to their dissohition. 

The course of the phenomenon alone, has shown us already that the 
immunizing principle must be different according as the immunity is 
developed in a contaminated area, as was the case in the experiments 
made on typhosis, or in a non-contaminated area, as in those on barbone. 
In the first, the immunity is acquired immediately; in the second, it 
becomes effective only after an incubation period. However, direct 
experiment allows us to confirm this idea. 

1, If one injects steers, by the subcutaneous route, with from 5 to 
20 cc. of liarbonc-bacteriophage it is possible to isolate the active 
protobes from the blood throughout the first twenty-four hours after 
thoinjection. After this period they have disappeared. Experiment fur- 
ther shows that the protobes pass quickly into the intestine. They can 
be isolated from the intestine within about twelve hours after 
the injection and they persist there for a somewhat longer time than 
in the circulation: for two or three days (up to six days in a single 
case) . In all instances they have disappeared long before the immunity 
is established. Let us repeat that this applies only to the case where 
the introduction of the bacteriophage into the organism takes place in a 
territoiy free from the infection. We have seen, for example, that 
five months after the termination of an epizootic of barbone it is still 
possible to isolate a bacteriophage active for the pathogenic bacterium 
from the excreta of buffaloes which have resisted. On the other hand 
experimentation in the chicken has shown us that the activity^of^the 
bacteriophage for the pathogenic bacillus is maintained just as long as 
the experimental animal continues to ingest these bacteria. 
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2. Bablet has shovni thirt tihe 'Corpuscles are destroyed 

by preservation for a Vreak in glycerine. We know that this sub- 
stance exerts no destructive! influ^ce on either the diastases or the 
toxins. It may be assumed, therefore, that in a mixture of bacterip- 
phage suspension and ^y6sirine the protobes alone wiU be destroyed 
while the immunizing substances contained in the medium will remain 
intact. Starting from this hypothesis, we mixed 0.5 cc. of a suspension 
of the Barbone-bacteriophage with 9.5 cc. of glycerine. After holding 
the mixture at incubator^temperature (37®C,) for ten days, and after 
we were assured that the corpuscles wero-’^eetively destroyed, we 
inoculated two steers 'with this h'quid, diluted ih 500 cc. of saline, Each 
steer thus received 0.25 cc. of the original Suspension. Tests after 
forty-five days, respectively with 5 and 50 fata|; doses of a culture of the 
bacterium of barbone, showed that these twQ animals resisted. They 
had acquired an immunity in spite of. the d^niqtion of the bacterio- 
phage protobes, . 

In the case of ^^erimental barboive the tests* Were made in a barbone- 
ifree region, and^ ^ principle Which is responsible for the development 
of the immunity is most probably constituted' Of the substance of the 
bacterial cells. jThe r6le which the bacteriophage plays here is to 
dissolve the b&cteria, in which con<fition the bacterial substance is in a 
state particularly adapted to stimulating the cells of the body which 
enter into th§ production of organic immunity. The substance of the 
bacterial body dissolves in the medium under thO influence of the 
dissolving principle elaborated by the protobes, but it is not present in 
the same condition as in the body of the living bacterium, for the 
bacteriophage does not simply produce a disint^ation. This is 
shown by the fact that the culture medium becomes 'perfectly limpid, 
whereas the medium Alains cloudy when a simple disintc^tion takes 
place. As we have seen in several tests, the destrm^tion of thdbacterium 
by the bacteriophage is a process b^^lution. IndS^it is father the sub- 
stances composing the bacterial body which are dissolved. This process 
is of necessity accompanied by a change in state. It is, then, not proper 
to speak of the bacterial substance as the principle which provokes 
the acquisition of immunity; it is in reality the products resulting from 
the degradation of the substances composing the bacterial cells which 
are effective. 

It is obvious that this is yet only an hypothesis, experiment showing 
only that the principle which provokes the appearance of immunity 
is not, under the conditions of the experiment, the bacteriophage con- 
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sidered as a living being. -AsidQ frona the dissolved bacterial sub- 
stance do the other Substances present in the culture play any part in 
the production of immunity? In the preset state Qf th^e investiga- 
tions it is impossible to afl5rm"or deny this; ' * * 

We have tested the action of temperattee on the immunizing ele- 
ment contained in the bacteriophage suspension. To this end, we 
have repeated the experiment qf the bacteriophage treated with gly- 
cerine, with the difference that tlie suspension was previously subjected 
to a temperature of 5G®C. maintained for "4 half hour. Two steers 
have each received a dpse of this preparation heated and glycerinized, 
corresiwnding to 0.25 co. of the original suspension. After forty-five 
days they were tested, the one with five, the other with fifty, fa^l 
doses of barbone culture. Th^ first resisted, the second died. The 
immunizing principle contained in the bacteriophage suspension is not 
destroyed but is sensijtilj^ weakened by heating for a half hour at 56®C. 

Althou^ it is not yet ^possible to know with certainty the nature of 
the process which contubls the development of organic unmuni^j,. 
we are at least able tp recognize the r'cnult and to4)bte the property 
wliich distinguishes the animal immunized by an injection of the 
liacteriophage from a normal animal. 

In tlic case of the immunity acquired as a result of aii attack of a 
contagious disease the blood posShsses preventive properties. The 
blood of immunized animals enjoys the same property, as the following 
experiments show. 

I. Steer No. 54 received^on November 5, 0.257cc. of a Barbone- 
bacteriophage. Fourteen days later 500 cc. of blood was taken into 
a flask containing 25 cc. of a 10 per cent solution of sodftun citrate. 
The blood was immediately injected into the jugular vein of steer No. 
43. This last animal was tested twenty-three hours later by the in- 
jection of 1000 fatal doses of the bacterium of barbone culture. It 
bailed to show the least evidence of i^ection. A control died in twenty- 
three hours. Steer No. 54 likewise resisted »the inoculation of 1000 
fatal doses, given on December 1st. 

II. The experiment given above was repeated. Steer No. 112 re- 
ceived into the jugular vein 500 cc. of blood from steer No. 95. Both 
of them resisted the test injections. 

III. Steor No. 104 received on December 29 a subcutaneous injec- 
tion of 0.04 cc. of a suspension of the bacteriophage. Four days later 
500 cc. of blood were taken as before and this was transfused into 
steer No. 108. The next day the two steers resisted the inoculation of 
five fatal doses, which killed the control animal in thirty-two hours. 
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IV. The abovci experiment (III) was repeated. The steer which 
received the blood of the immunized animal was not tested by the 
inoculation of 50 fatal doses until forty-five days after the trapsfusion. 
It resisted, without showing any apparent disturbance, as did also the 
steer which was immunized directly. 

This last experiment does not, however, prove an 3 rthing with regard 
to the duration of passive immunity conferred by the blood of an 
immunized animal, for it was performed with homologous blood, and 
we know that an immunity thus produced is of much longer duration 
than that produced with heterologous blood. In any case, the im- 
munity thus conferred is extremely powerful and these experiments 
open the way for further investigations on the production of therapeutic 
sera in animals immimized by a single injection of an active bacterio- 
phage, not only for barbone, but for other diseases as well. 

One might conceive that the “principle” which is contained in the 
blood of the immunized animal and which confers the passive immunity 
is nothing more than the suspension of the bacteriophage persisting in 
the circulation. But this is impossible, for if the blood is taken at a 
time sufficiently close to immunizing injection of the bacteriophage, 
it is in no way effective/j That'is* blood taken during the incubation 
period confers no immunity to fbe^transfused animal. 

Steers Nos. 89 and 90 rece^ve^-inji/ December 19, 0.25 cc. of the 
bacteriophage suspension subcuta^^^^^. Sixteen days later 500 cc. 
of blood were withdrawn from each':;^j§^^ and transfused into steers 
Nos. 92 and 93. The four animals, the next day, died with no 

greater delay than the controls. Steer received on November 6, 

20 cc. of the bacteriophage. On Novemt^ 19, 500 cc. of blood were 
taken and transfused into steer No. 42. These two animals died in 
the same time as the control after a test.Jnjectibh. 

As is to be seen, the incubation -period of immumty in animals which 
receive the immunizing injection ^ bacteriophage suspension parallels 
the appearance of the protective power in their blood. Immunity 
develops abruptly; in the same way the protective power of the blood 
manifests itself suddenly, and at the same moment. 

What then, is the immunizing principle which makes its sudden 
appearance in the blood at the moment when immunity is established, 
even in animals which have received only the minimal dose of a single 
drop of the bacteriophage? Can it be an amboceptor? By no means, 
for the complement fixation reaction shows tliat the sera of animals 
immunized with suspensions of the bacteriophage do not contain a 
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specific amboceptor in detectable quantity. In conducting the reac- 
tion of Bordet with even 0.5 cc. one obtains an exactly comparable 
hemolysu, of the same intensity and in the same time, as that which 
occurs in a control tube containing the same quantity of normal serum. 

Exammation of the opsonic power of two of these sera gave indices 
of 0.3 and 0.4; mdices which are essentially negative. 

The serum containing the protective principle does not contain 
destructive substances or even substances delaying the growth of the 
bacterium of barbone. BouiljDn, mixed with such a serum, in any 
proportion (from 0.05 cc. to per 10 cc. of bouillon), with or without 
the addition of fresh guinea 'pig serum, furnishes a medium which, 
when inoculated, gives luxuriant cultures of the bacterium of barbone. 

Finally, the serum contains no traces of agglutinins. 

Organic immunity, then, is not due to. the presence of an amboceptor, 
nor to the presence of an opsonin in the blood of ^e vaccinated sub- 
jects. The blood contains neither ag^utmins nor inhibiting «lb- 
stances. The immunity is most probably antitoxic. 

We have seen in the experiments performed on avian typhosis, 
that, in an infected area, the protection of the animal is immediate and 
that tliis protection is assured only by the presence of bacteriophage 
corpuscles virulent for the pathogenie bacterium. We have again found 
this immediate immunity in tlv^^e. of barbone. It is that which 
protected steers Nos. 103 an^. ^.^mnst the inoculation of five fatal 
doses of culture when given '||n^^wenty-four hours after the injection 
of the bacteriophage. 

In typhosis, this heterejo^d^ immunity has been permanent, for 
the daily reinfections whichtoccur in the infected area allow the bac- 
teriophage to multiply at the expense of the pathogenic bacteria in- 
gested and thus to maintain, its virulence for this bacterium. In 
barbone, this same thing takes place jn an infected area, since we have 
seen that the bacteriophage virulent for the bacterium of barbone was 
present in the intestine of buffaloes five months after the complete 
disappeamnee of the epizootic. 

In a nonrinfected region, and this was the case in the experiments 
performed on barbone, the mechanism is not same. In the absence of 
reinfection the bacteriophage active for the bacterium is eliminated 
very rapidly, since it is not able to multiply at the expense of this 
bacterium. The heterologous immunity disappears with dt, — that is 
to say, after one or two days, — and the animal then becomes susceptible. 
It remains in this condition throughout the entire duration of ^e in- 
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cubation of the organic immunity, which develops under the influence 
of the soluble products contained in the culture of the bacteriophage. 
Once this organic immunity is established the animal is refractory. 

We will see in connection with dysentery, that when a suspension 
of the bacteriophage is injected the organism responds by the production 
of an antitoxin. It is probable that the same thing takes place in 
barbone and that the protective principle present in the blood, since 
it is neither an amboceptor nor an opsonin, is likewise an antitoxin; 
the response of the organism to the injection of the modified substance 
of the dissolved bacterial cells contained in the suspension of the 
bacteriophage. 

To summarize: the injection of the buffalo or of cattle, with a sus- 
pension of the bacteriophage active for the bacterium of barbone confers : 

1. An heterologous immunity, solely due to the presence in the body 
of bacteriophage protobes virulent for the bacterium of barbone, which 
assures the destruction of the bacteria upon their introduction into the 
organism. This immunity terminates just as soon as the protobes are 
eliminated from the body. In the absence of frequent reinfections this 
elimination is very rapid, since the continued growth and the mainte- 
nance of virulence can not persist. 

2. An homologous, or prganic and powerful immunity, induced by a 
reaction of the tissues of the animal to the soluble principles con- 
tained in the bacteriophage suspension injected. This organic immun- 
ity is characterized principally by the appearance in the blood of an 
extremely potent immunizing substance — probably an antitoxin. The 
organic immunity establishes itself abniptly after an incubation period, 
which varies with the dose injected, being longer as the amount of in- 
jected culture is increased. 

A single injection of 0,04 cc., or less than a normal sized drop, into 
a steer of 100 kgin. weight places the animal within 4 days in a condition 
where it can withstand a test inoculation of five fatal doses. Sixty days 
later the animal resists a test inoculation representing fifty surely fatal 
doses. 

The blood of an immunized animal injected into a normal animal 
confers on the latter a passive immunity as solid as that enjoyed by the 
actively immunized one itself, even if this last one has received but a 
single injection of 0.04 cc. of bacteriophage suspension. And this pas- 
sive immunity, under experimental conditions at least, is still intact 
forty-five days after the injection of the blood.®“‘ 

As stated above, after my departure from Indo-China Le Louet 
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continued the e?i;periments on the duration of the immunity to barbone, 
showing that even 14 months after an immunizing injection of the 
Barbone-baoteriophage a very considerable immunity remained. 

As a result of these experiments, Le Louet, who in the meantime had 
become Inspector-General of the Veterinary Service of Indo-China, 
applied this process of immunization on a large scale. The bacterio- 
phage suspensions virulent for Pasteurella bovis were prepared at the 
Pasteur Institute at Saigon. By September, 1923, 12,000 buffaloes 
had been immunized, and the first results on this group were reported 
by Le Louet at the Congress of the Tropical Medical Association of the 
Extreme Orient (Singapore, September, 1923). 

He stated that up to that time, none of the 12,000 buffaloes which 
had been immunized had contracted the disease, despite the fact that it 
was prevalent in Indo-China. 

Since then, the vaccinations have been continued. The mortality 
from barbone among the buffaloes has been reduced to actually nothing, 
and according to Le Louet"**® it appears as though the foci of the disease 
have died out. 

Comment on these results is unnecessary. 

4. IMMUNIZATION AGAINST BACILIABY DYSENTBBT 

“The cultures of Shiga lysed by the invisible microbe, which are in 
reality cultures of the anti-microbe, possess the property of immunizing 
the rabbit against a dose of Shiga bacilli which will kill the controls in 
five days.” This statement is taken from my first communication on 
the bacteriophage. The experimental data upon which this affirmation 
was based are given in the following protocols. , 

The rabbit, although naturally refractory to bacillary dysentery is, 
on the contrary, susceptible to the inoculation of dysentery toxin. This 
animal could, then, be utilized for the 'preliminary antitoxic immuniza- 
tion experiments. The following experiments showed at once that the 
Shiga-bacteriophage suspension, a short time after dissolution, is toxic, 
although to a less degree than is a normal culture of Shiga bacilli. 

Babbit No. 1. One cubic centimeter of a normal culture of Shiga 
bacilli was injected intravenously on August 10. The animal died on 
August 16. 

Babbit No. 2. Two cubic centimeters of a normal culture of Shiga 
bacilli were injected subcutaneously on August 10. The animal died 
on August 16. 

Babbit No. 3. One cubic centimeter of a Shiga bacillus culture which 
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had been subjected to bacteriophagy for six hours wiui injected intra- 
venously. (The amount of bacillary substance''here was the same as 
in the preceding.) The rabbit lived. 

RabUt No. 4. Two cubic centimeters of a Shiga culture which had 
been undergoing bacteriophagy for six hours were*.injected subcutane- 
ously. The animal died on August 16. This rabbit also been 
injected on August 10. 

Six days after the completion of the dissolution the toxicil^ of the 
culture was markedly diminished, as the following tests show; 

Rabbit No. 5. Two cubic centimeters of a Shiga bacillus cultmre 
which had been dissolved 6 days previously were injected intravenously 
on August 10. The animal lived. 

Rabbit No. 6. Three cubic centimeters of the Shiga culture which 
had been dissolved fot 6 days were injected subcutaneously on August 
10. This rabbit also lived. 

Rabbit No. 7. Five cubic centimeters of the Shiga culture which 
had been dissolved for 6 days were injected intravenously on August 
10. The rabbit died on August 21. 

When the tests were done with a Shiga culture which had been dis- 
solved for a month the toxicity had disappeared, as is shown by the 
following. 

Rabbit No. 8. Fifteen cubic centimeters of Shiga culture which had 
been dissolved for one month were injected subcutaneously. The 
rabbit lived. The injection was given on August 10. 

Rabbit No. 9. Ten cubic centimeters of this same preparation were 
injected intravenously on August 10. This rabbit lived. 

The following protocol illustrates an immunization experiment. 

On August 23, eight' rabbits received a subcutaneous injection of 0.25 
cc. of a suspension of the Shiga-bacteriophage, two months after the 
dissolution was completed. These animals were tested by the injec tion 
of 3 cc. of a twenty-four hour bouillon culture of Shiga bacilli. For 
the strain employed this represented two surely fatal doses. The strain 
of Shiga used in the test differed from that used to prepare the suspen- 
sion dissolved by the bacteriophage. 

Rabbit No. 10; tested after twenty-eight hours. Died six days later. 

Rabbit No. 11 ; tested after four days. Died five days later. 

Rabbit No. 12; tested after six days. Lived. 

Rabbit No. 13; tested after eight days. Lived. 

Rabbit No. 14; tested after ten days. Lived. 

Rabbit No. 15; tested after one month. lived. 
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Rabbit No. tested after two months. lived. 

Rabbit No. 17; tested after three months. Lived. 

All the control rabbits inoculated with half the dose, that is, with 1.5 
cc. of the Shiga culture, died in from four to seven days. 

The rabbit is, therefore, immunized against two surely fatal dose? of 
B. dysenterim. Shiga culture by the injection of a quarter of a cubic 
centimeter of a suspension of the Shiga-bacteriophage. THhe antitoxic 
immunity is established six days after the injection and persists for at 
least three months. 

In an experiment of this kind there can be no question of the nature 
of the process. The bacteriophage as a living being can not be the 
cause of the immunity. The responsible agent must be the soluble 
principles contained in the culture medium.®” 

Kabeshima®®* was the first to confirm these ^periments. He in- 
jected into the ear-vein of each of 10 rabbits, weighing about 2 kgm., 
1 cc. of a suspension of the Shiga-bacteriophage. The suspensions 
inoculated were of different ages, some of the rabbits receiving suspen- 
sions which had been prepared for 3 weeks, others receiving suspensions 
which were from 3 months to 2^ years old, some of the latter being sus- 
pensions which I had turned over to him for his experiments made in 
my laboratory. 

Eleven days after the injections, the 10 immunized rabbits, as well as 
10 controls, received an inoculation of 3 fatal doses of a culture of the 
Shiga bacillus. The 10 controls died within 12 hours. All of the im- 
munized animals resisted, and, although they became somewhat emaci- 
ated they regained their original weight within periods of from 2 to 17 
days. 

Kabeshima then attempted to determine at what time the immunity 
appeared. (Naturally, in this case it is an antitoxic immunity.) Each 
of 10 rabbits received an intravenous injection of 1 cc. of a Shiga- 
bacteriophage suspension. They were then inoculated, one by one, 
after variable lengths of time, with a surely fatal dose of the Shiga bacil- 

* Several immunizing experiments with the bacteriophage for B. typhosus 
and for the paratyphoid organisms have been performed upon laboratory animals, 
both rabbits and guinea pigs. In all cases these showed a perfect immunization ; 
— provided it is permissible to employ the word immunization when the process 
is carried out in refractory animals. 

Not attributing any value to experiments of this type I have not included them 
in the monograph. In all cases the bacteriophage administered, either when 
given by subcutaneous injection or by the buccal route, has been isolated a few 
hours later from the intestinal tract. 
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lu8. He found that, even after 24 hours, there was some increased resist- 
ance, and that the immunity was fully acquired by the 4th day. 

In a third series of experiments he tested the subcutaneous route as a 
mode of administration of the bacteriophage suspension. A single 
injection of 2 cc. by this route gave him the same results as had 1 cc. 
by the intravenous route, provided the suspension was not more than 
3 months old. Two injections of a suspension 2^ years old perfectly 
immunized the animals. 

Under the direction of Flu, Sardjito*** made a study of this question 
the subject of his thesis for the doctorate. He^prepared his suspensions 
of the bacteriophage by causing a very viiulen^race of the bacteriophage 
to act upon a suspension containing 300 mi^bn bacilli per cubic centi- 
meter, the Shiga strain being very toxic. ;:^i^en, after bacteriophagy, 
the fluid was perfectly limpid, he added a nesv quantity of a concentrated 
suspension of baciUi, in such a way as to re^^ the count to 300 million 
per cubic centimeter. Again after bacteriophagy he restored the bac- 
terial suspension a third time, in the same way. When bacteriophagy 
was finished, the suspension then contaiping the dissolved bacterial 
substance of 900 million bacteria per cc., he filtered through a candle 
and used the fresh filtrate for his injections.'* 

Six rabbits inoculated by the subcutaneous route with 0.25 cc. of this 
bacteriophage suspension were tested after a variable length of time 
by the injection of 4 surely fatal doses of a culture of Shiga bacilli. 
Tlio results in this series were: 

IVo rabbits, tested after 45 days, resisted without loss of weight. 

Three rabbits tested after 37 days, 2 resisted without loss in weight, 
1 died. 

One rabbit tested after 31 days dii^. 

Therefore, after the injection of 0.25 cc. of a suspension of the bac- 
teriophage 4 out of 6 rabbits had an antitoxic immunity sufficient to 
enable them to resist the injection of 4 lethal doses of Shiga bacillus 
culture. 

In a second series, 7 rabbits received a subcutaneous injection of 0.12 
cc. of the bacteriophage suspension. They were tested by the inocula- 
tion of 4 fatal doses, as follows: 

* This was a mistake. Sardjito thus lost 9 animals because of the toxicity of 
the fresh filtrate. He mentions, however, that this course was taken because of 
the urgency of circumstances. As I have shown elsewhere, the toxicity dimin- 
ishes considerai>ly as the suspension ages. When the time comes for applying 
this method of immunization against bacillary dysentery to man, it will be advis- 
able to age the suspensions for a least a month before use. 



IMMUNIZATION WITH BACTEBIOPHAGE SUSPENSIONS 


537 


Three were injected after 24 days. All 3 resisted, 2 without loss of 
wei^t, 1 lost 200 grams. 

Two were tested after 17 days. One resisted, the other died. 

Two were tested after 10 days. Both resisted, one without loss in 
wei^t, the other lost 50 grams. 

Thus, of the 7 rabbits inoculated with but 0.12 cc. of bacteriophage 
suspension, 6 resisted the inoculation of 4 fatal doses of culture. A 
single one did not have an immunity sufficient to overcome this strong 
intoxication. 

Sardjito then attempted to ascertain whether the bacteriophage exerts 
an opsonic action in vivo 'cti^parable to that which I had shown to occur 
in vitro. His results indicted that the subcutaneous inoculation of a 
suspension of the bacteiioi^age increased the phagocytic power of the 
rabbit from 100 to 200 per; cent. 

These experiments upon ’rabbits revealed another fact which is indeed 
difficult to undei-stand, namely, the injection of the bacteriophage sus- 
pensions neutralized in vivo the dysentery toxin 

When rabbits which had rfefceived by subcutaneous injection a surely 
fatal dose of Shiga bacilli were given 6 hours later, also by the subcutane- 
ous route, 1 cc. of bacteriophage suspension (one month old) 8 of the 
11 animals survived. All 6 of the control rabbits died. In a second 
experiment the bacteriophage was not injected until 16 hours after the 
injection of Shiga bacilli. Here, 2 of the 6 treated animals lived. All 
4 of the controls died. 

On the other hand, upon many occasions I have injected simultane- 
ously the bacteriophage and the bacilli into different regions of the body 
and I have yet to protect an animal from death in this way. Ap- 
parently unless the bacteriophagie is injected either before or after the 
infecting injection it is without neutralizing effect. For this fact I can 
offer no explanation . 

This distinct antitoxic action of suspensions of the bacteriophage 
which have developed at the expense of B. dysenteriae is in some way 
related to the phenomenon of antiphylaxis. As was stated when we 
were considering this phenomenon it seems logical to believe that when a 
series of injections of bacteriophage cause within the animal the develop- 
ment of a toxic hypersensitivity it must mean that the suspensions con- 
tain an antitoxic substance or property. There are other experiments 
which suggest the same thing. 

Such are the experiments made up to the present time upon the im- 
munity conferred by the inoculation of suspensions of the bacterio- 
phage. It is to be hoped that experiments will be made on man, partic- 
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ularly in connection with protection against bacillary dysentery, and 
it seems that such a course is the more logical since, as we shall see, the 
administration of bacteriophage suspensions is being applied on a 
large scale in the specific therapy of this disease. 

R^SUM^I 

Experiments have been carried out in three very different infectious 
diseases: 

a. One an infectious disease in which the portal of entry of the causa- 
tive agent is the intestinal tract (avian typhosis) ; 

b. One a septicemic disease (barbone of the buffalo) ; 

c. One a toxic disease (injection of the rabbit with Shiga bacilli). 

The experiments have been carried out under different environmental 

conditions: 

a. In an environment contaminated by the infecting agent (avian 
typhosis) ; 

b. In an environment free of contamination (barbone). 

The results obtained with these differing diseases, under these varied 
circumstances permit the following conclusions: 

The experiments made upon barbone of the buffalo in an uncon- 
taminated environment show that after the injection of a bacterio- 
phage suspension there is an initial, and very short, period of im- 
munity, — 24 to 48 hours, — ^followed by a period in which the animal has 
retumed to its normal susceptibility, the length of which is increased 
as the dose of suspension given was the gi*eater. After a variable 
time, — 20 to 30 days after doses of 1 to 2 cc. in the buffalo,- -an im- 
munity is established which borders on the refractory state (dTIerelle 
and Le Louet^^^. This second period of immunity persists for at least 
14 months (Le Louet^®^), 

The first period of immunity is '^exogenous^' in nature. It is due to 
the presence in the body of bacteriophage protobes virulent for the 
pathogenic bacterium. In a contaminated environment this period of 
exogenous immunity persists as long as re-infections occur; re-inf cctioiis 
which permit the protobes to multiply and maintain themselves. In an 
uncontaminated enviionment the bacteriophage is unable to multiply 
because of a lack of susceptible bacteria. Elimination from the body 
is rapid, and the exogenous immunity ceases immediately after this 
elimination is complete. 

The second period of immunity, is certainly endogenous.* It is the 

* As I use the terms, ^‘exogenous immunity” is that which is due to the presence 
of the foreign principle in the body, — as the bacteriophage corpuscle itself, — 
''endogenous immunity” is that which results from a reaction of the body it- 
self. 349 
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result of some reaction on the part of the body of the animal, the stim- 
ulus being provided by the products of bacterial dissolution as contained 
in the bacteriophage suspension. These bacterial products, produced 
through bacteriophagy, appear to be in a distinctive and peculiar 
physical state, one particularly suited to causing a reaction of immunity 
by the body of the animal (d’Herelle®*^-’^*). The extensive immuniza- 
tion experiments made under natural conditions of exposure to infection 
have confirmed those made in the laboratory . (Lo Louet^®*). 

In an epidemic environment, the experiments made on natural ty- 
phosis show that the immunity conferred by the administration of 
bacteriophage suspensions is acquired immediately. It begins at the 
moment of the inoculation, and is lasting. Experiment shows clearly 
that the immunizing agent is the bacteriophage,— as a living parasite 
of bacteria. Under the conditions of an infected environment the 
bacteriophage maintains itself because of the frequently occurring re- 
infections which permit the corpuscles to multiply and perpetuate 
themselves within the body of the animal. After an incubation period 
this lasting exogenous immunity is followed by an endogenous immun- 
ity, resulting, as in the previous case, from a reaction of the body to the 
bacterial substances present in the susiicnsion of bacteriophage protobes 
inoculated (d’Hcrelle®*^* 

In brief, the mechanism is always the same; the only difference being 
that immediately acquired exogenous immunity is transitory in an un- 
contaminated environment; permanent in a contaminated environment. 

The antitoxic immunity which develops after the injection of bacterio- 
phage suspensions is also endogenous in origin, due to the inoculation 
of the bacterial products present in the suspension. These products 
seem here to be found in a physical state particularly adapted to exciting 
an antito.xic reaction response on the part of the animal body 
(d’IIerelle»2i). 



CHAPTER VI 

Specific Therapy with Bacteriophage Suspensions 
1. the specific therapy of bacilixAry dysentery 

Before undertaking experiments on man I had to assure myself that 
the administration of suspensions of the Shiga-bacteriophage caused 
no reaction. First, I ingested increasing quantities of such suspensions, 
aged from six days to a month, from one to thirty cubic centimeters, 
without detecting the slightest malaise. Three persons in my family 
next ingested variable quantities several times without showing the 
least disturbance. I then injected myself subcutaneously with one 
cubic centimeter of a forty-day old suspension. There was neither a 
local nor a general reaction. In all the cases, twenty-four hours aft('r 
the ingestion or after the injection, I was able to isolate from the stools a 
bacteriophage possessing for the Shiga bacillus an activity equal to that 
of the race administered. More recently G. Eliava has received by 
subcutaneous injection 5 cc. of a suspension of Shiga-bacteriophage aged 
thirty days. No reaction, local or general, followed. 

It is known that the subcutaneous injection of Shiga bacilli, killed 
,by any procedure whatsoever, can not bo performed because of the 
extremely violent reactions produced, which are due to the toxicity of 
the bacillus. This is precisely the reason that vaccine prophylaxis is 
not applied to dysentery as it is in the case of typhoid. The absolute 
innocuity of injections of the Shiga-bacteriophage suspensions, wlii(;h 
contain the substance of the bacterial bodies in a dissolved state, shows 
indeed that these substances undergo profound modifications under the 
influence of the dissolving agents of the bacteriophage protobe. Never- 
theless, these new substances possess a specific immunizing power 
much more potent than the original substance. The experiments on 
rabbits, and in particular the results secured in immunization against 
barbone, demonstrate this beyond possible doubt. 

Prophylactic vaccination against bacillary dysentery by means of 
suspensions of the anti-dysentery bacteriophage is therefore applica- 
ble to man. In practice, quite naturally, the prophylactic injections 
should be performed with a mixture of bacteriophage races - anti- 
Shiga, anti-Flexner, and anti-Hiss. Such a mixture would constitute 
a polyvalent dysentery vaccine. 
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The Shiga bacillus is one of the most toxic oiganisms known, and it 
may be assumed that the harmlessness of injections of such a bacterio- 
phaged culture indicates a gen^Bl law, whatever may be the bacterium 
against which the bacteriophage is prepared. In order to test this 
hypothesis, I injected myself, subcutaneously, with half a cubic centi- 
meter of Plague-bacteriophage. No reaction, either general or local, 
followed. Stool examination made twenty-four hours after the injec- 
tion showed that a bacteriophage, equal in virulence to that injected, 
was present. The inoculation experiment was repeated with Typhoid- 
bacteriophage. G. Eliava repeated it with tiie Staphylococcus- 
bacteriophage, and the same results were secured in ^th cases. These 
observations are conlSrmed in part by another fact, observed in several 
tests, that following the administration of the bacteriophage, either by 
injection or by ingestion, the bacterioph^e passes in a short time into 
the intestine. It is eliminated rapidly if it fails to encounter the bac- 
terium against which it has a virulence, that is to say, in an uninfected 
individual. On the contrary, it grows and maintapis its virulence if it 
is in contact with this bacterium, a condition which, as we have seen 
in several instances, is produced in an infected environment among 
animals which remained healthy, or which had been infected and were 
recovered. 

After being assured that no harmful effects attended the ingestion of 
the Shiga-bactcriophage, this treatment was applied for tjierapeutio 
purposes to patients affected with bacillary dysentery.* As in the’ 
experimental work, so also here in the clinical tests, the therapy has 
been limited to those cases in which the etiology of the infection was 
proved by the isolation of the pathogenic organism, and where, in 
addition, the virulence of the intestinal bacteriophage was negative 

* These experiments were made with the assistance of M. Nadal, on the service 
of Dr. Hutinel, at the H6pital des EnfantS Mslades 

Tests have also been made in cases of toxic diarrhea of infants, but they will 
not be discussed here since a conclusion regarding them has not yet been reached. 
In those cases there is an especial difficulty, for the pathogenic organism is still, 
unknown. It was at first thought that this might bo determined through the 
ability to isolate and cultivate an active race of bacteriophage which might be 
used for curative purposes. It is indeed probable that there is, not one, but 
several diarrheas of infants caused by different bacterial types, as the experiments 
of Nob6court made during the past few years would also indicate. The solution 
of the problem is not impossible but it would be necessary to administer to the 
affected infants a mixture of diverse races of the bacteriophi^d^ active against 
the diverse bacterial types capable of inciting the diarrhea. It can readily ba 
conceived that under such circumstances the investigation must be protracted. 
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toward the different dysentery bacilli at the time of the administration 
of the bacteriophage suspension. It is evident that in routine practice 
it would not be necessary to investigate all these points, especially 
since the administration of the bacteriophage is always inoffensive. 

In each of the following cases the only treatment instituted has been 
the ingestion of the bacteriophage. 

Robert K (eleven years). This was a case of bacillary 

dysentery of moderate severity with from 5 to 7 bloody stools a day. 

August 1. The stool examination showed: B, dysenteriae Shiga 
present. 

The intestinal bacteriophage with virulences as follows: B. coli ++, 
Shiga 0, Flexner 0, Hiss 0. 

August 2. At 10 o’clock in the morning the patient ingested 2 cc. 
of a Shiga-bacteriophage. ITiis filtrate had been held for thirty-five 
days. During the afternoon of this day there were 3 bloody stools, in 
the evening there was one stool and that was free of blood. 

August 3. During this day there was only the one formed, stool. 
Examination showed: B. dyserUeriae Shiga absent. 

The intestinal bacterioph^^;e with virulences as follows: B. coli 
+ + + +, Shiga -H + + +, Flexner + + +, Hiss + + +. 

August 8. The intestinal bacteriophage was active as follows: B. coli 
-f-b-f, Shiga -f, Flexner 0, Hiss -f. 

August 9. The patient was dischai^d from the hospital. 

Andr5 B (ten years). A case of bacillary dysentery of 

moderate severity. During the period from August 25 to 29 inclusive 
there were 9 to 11 bloody stools a day. 

August 28. Stool examination showed: B. dysenteriae Shiga present. 

Intestinal bacteriophage active as follows: B. coli -h, Shiga 0, Flexner 
0, Hiss 0. 

August 29. At 4 p.m. the patient ingested 2 cc. of a Shiga-bac- 
teriophage suspension which had been prepared for 2 months. 

August 30. There was one bloody stool in the morning and during 
the afternoon and the night there were 5 stools, none of which showed 
any blood. 

August 31. There were 3 fluid, but not bloody, stools. 

Examination showed: Shiga bacilli not present. 

The intestinal bacteriophage active as follows: B, coli -f-b-f +, 
Flexner -b4-, Hiss -b ++, Shiga -b ++4-. 
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September 1, There was one fluid stool, without blood. 

September 2. There was one fluid stool, without blood. 

September 3. There was one formed stool. Examination of the 
intestinal bacteriophage showed: B. coli + ++, Sh^ +H — I — h, 
Flexner +++, Hiss +• 

September 8. Reactions with the intestinal bacteriophage were: 
B. coli + +, Shiga 0, Flexner 0, Hiss +. 

September 9. The patient was discharged from the hospital. 

Robert D (twelve years). This patient had a very severe 

dysentery, with vomiting, cold sweats, chilling' of the extremities, and 
involuntary and uncountable stools. 

September 8. The stools could not be counted. They were fetid, 
purulent, and streaked with blood. Examination .showed: B. dysen- 
teriae Shiga present; about 1 out of every 10 coldnies on the plates was 
the dysentery bacillus. 

The intestinal bacteriophage showed no virulence for R. coli, or for the 
Shiga, Flexner, or Hiss organisms. 

September 9. Two cubic centimeters of a suspension of Shigarbao* 
teriophage were ingested at 11 o’clock. This suspension was three and 
one-half months old. During the afternoon and the night the stools 
became less numerous but continued bloody. 

September 10. There were 0 fluid stools, without blood. Examina- 
tion showed: B. dysenteriae Sk^a, not present. 

Intestinal bacteriophage active as follows: B. coU -b-f-f-f, Shiga 
+ + ++, Flexner -f +++, Hiss -b++. 

September 11. There were 2 normal, formed stools. 

September 20. The patient was dischai^ed from Hie hospital. 

Julien D (three and one-half years). This was a case of 

very severe dysentery. The general condition of the patient was very 
bad. A sister of the patient had died at home of dysentery on Sep- 
tember 8. 

From the 11th to the 13th of September the number of stools, all of 
which were bloody, could not be counted. 

September 13. The patient entered the hospital. Examination 
allowed: B. dyserUeriae Shiga present, the dysentery bacilli constituting 
about 4 of every 5 colonies on the plates. 

The intestinal bacteriophage was without activity for either B. coU 
or the dysentery organisms. 
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September 13. The patient ingested 2 cc. of Shiga-bacteriophage at 
5 o’clock. This filtrate had been prepared for fifteen days. 

September 14. There were 6 bloody stools. The intestinal bacterio- 
phage showed virulences as follows : B. coK + + + , Shiga + + + , Flexner 
++> Hiss +. 

|| September 15. During the day there was one bloody stool. There 
were also 5 stools without blood. Examination showed : B. dyserUeriae 
Shiga absent. 

The intestinal bacteriophage with activities as follows: B. coli 
++++, Shiga ++++, Flexner +++, Hiss +++. 

September 16. There were 4 stools, all without blood. The intesti- 
nal bacteriophage showed : B. coli + + +, Shiga + + + +, Flexner + -b, 
Hiss 

September 17. During the day there were one fluid stool and 2 
formed stools. The intestinal bacteriophage showed: B. coli ++++, 
Shiga +•+++, Flexner ++, Hiss +. 

September 18. There were 2 formed stools. The intestinal bacterio- 
phage was virulent as follows: B. coli ++ ++, Sh^a + + ++, Flex- 
ner -b, Hiss -f-f-. 

September 26. The patient was dischaiged from the hospital. On 
this date the virulence of the intestinal bacteriophage was: B. coli 
+ + +, Shiga 0, Flexner 0, Hiss +. 

Emile D (seven and one-half years). This patient was a 

brother of the preceding case, and showed a very severe dysentery. On 
the 11th and 12 th of September there were 20 to 25 fetid stools, fluid but 
not bloody. 

September 12. Examination showed that the Shiga bacilli were 
very abundant. The intestinal bacteriopliage was inactive for B. coli 
or for the dysenteiy organisms. 

September 13. There were 25 bloody stools. At 5 o’clock the pa- 
tient ingested 2 cc. of bacteriophage suspension which had been pre- 
pared 6| months previously. 

September 14. There were 4 bloody stools in the morning and 2 
stools without blood in the afternoon. Examination of one of the latter 
showed no Shiga bacilli. The virulences of the intestinal bacteriophage 
were: B. coli -l--f-|-+, Shiga -|- + ++, Flexner -f-f. Hiss -I- ++. 

September 15. There were 5 stools, all free of blood. 

September 16, 17, and 18. During these days there were 3 or 4 stools 
a day. None of these contained blood. 
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September 19. There were 2 formed stools on tbia day. 

September 28. The patient was discharged from the hospital. 

In all of these cases the general condition of the patient always 
paralleled the severity of the intestinal symptoms. 

Two other cases of dysentery due to the Shiga bacillus, treated in the 
same manner, but outside of the hospital, gave comparable results. In 
these there was a cessation of the bloody stools with improvement in 
the general condition in the twenty-four hours immediately following 
the administration of Shiga-bacteriophage suspensions. 

Since the publication of these results*®* this method of treating 
bacillary dysentery has been applied extensively, and the deduction 
from my experiments, which to me appeared so logical, that the bacterio- 
phage should constitute a specific treatment of dysentery*®* bna been 
absolutely confirmed. 

At the Institute Oswaldo Cruz at Rio de Janiero a test of the meUiod, 
involving an initial group of 24 patients was undertaken by da Costa 
Cruz.**’ To all of these cases the suspension of the bacteriophage was 
administered per os in a quantity of 2 cc. In 22 of the patients the stools 
lost their bloody character within 24 hours after the ingestion, and in the 
majority an improvement in the condition was evident within 4 to 6 
hours. In the other 2 cases, after a temporary improvement, blood 
reappeared in the stools a few hours later. In these, a second dose was 
followed within the succeeding 24 hours, by improvement leading to a 
permanent convalescence. 

( onfronted by such results the Institute Oswaldo Cruz undertook the 
preparation of bacteriophage suspensions virulent for B. dysenteriae 
on a large scale. The results of da Costa Cruz, published in June, 
1924,*** are given here, quoting directly from his report. 

Up to the present, we have prepared about 10,000 ampoules of the bacterio- 
phage which have been distributed to several hospitals and to a number of phy- 
sicians in the different States of Brazil. 

As a preliminary test of the method, the bacteriophage was first sent to Dr. 
Nicolau da Costa (Para), to Dr. Cassio Miranda (Director of the Rural Prophy- 
lactic Service of Maranhao), to Dr. Cavalcanti (Director of the Rural Prophylac- 
tic Service of Pernambuco), to Dr. Travassos (Assistant at the Institute of Angra 
dos Reis, Rio), and to Dr. A. L. Barros Barreto (Director of Rural Prophylaxis 
of Parana). 

The results obtained by these colleagues fully confirmed those which we had 
observed. 

As a result, we have been obliged to send material to a great many doctors^ 
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distributed throughout all of the different States, who have requested prepara- 
tions of the bacteriophage. 

The Director of Public Health of the State of Bahia has kept us informed of the 
results obtained in a series of patients, and at Sao Paolo a very large number 
of cases have been observed by various physicians who have applied the treat- 
ment in their individual clinics. All have reported good results. Here in Rio de 
Janiero, the method has been thoroughly tried out, and is today the routine 
method of treatment. 

Nevertheless, we still advise the use of serum in cases infected with the Shiga 
bacillus, since the toxin is not neutralised by the bacteriophage. 

It is possible to find only a few rare cases in which the administration of the 
bacteriophage has not been followed by benefit to the patient. Of these cases*, 
the first was a patient infected with the Hiss strain of the bacillus, perfectly 
susceptible in vitro to the bacteriophage, but in whom the bacteriophage, failed, 
for reasons not yet discovered, to exert its action in the intestinal tract. The 
second was an infant who died of a very severe infection caused by the Shiga 
bacillus, in spite of the fact that both serum and bacteriophage treatment were 
used. These are the only two completely unsuccessful cases which have up to 
the present come to our attention, but to judge from the very wide use which has 
been made of the method it would seem that there must be other cases of failure 
of which we have not yet heard. 

The therapeutic effect, — the sudden change in the condition of the patient,-— 
consequent to the administration of the bacteriophage has astonished all of the 
physicians who have Jworked with it* A few hours after the administration of the 
first dose improvement has been noted^ and the rapidity of the recovery has been 
a cause of amazement. In examining the collected data pertaining to the patients 
treated it appears that the majority of them had first received all known treat- 
ments, and had been given the bacteriophage as a last resort. We are, therefore, 
absolutely convinced that it has saved the lives of a great many patients. 

The dysentery bacteriophage is by far the best therapeutic agent in the bacil- 
lary dysenteries known up to the present time. 

Its action incomparably surpasses that of all other agents, including serum, 
for in the majority of cases the symptoms materially diminish in intensity within 
4 to 8 hours after treatment, and the patient enters upon convalescence within 
24 to 48 hours. 

The only criticism that I would make of the conclusions of thit^ 
scientist at the Institute OswaldoCruz bears on the use of anti-dysentery 
serum. The results observed in the 7 cases of severe dysentery which 
have been cited above, as well as many comparable observations which 
I have made since those results were first reported, all dealing with 
cases of dysentery caused by the Shiga bacillus, have shown that the 
administration of the bacteriophage alone results in a prompt and com- 
plete cure, without requiring the administration of serum. I might 
say further that I have gained the impression from two cases where I 
have been obliged (because of the demands of the parents) to give an 
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injection of serum at the same time that I administered the bacterio- 
phage, that convalescence was retarded, probably as a result of serum 
reaction complications. 

Serum may perhaps be indicated in those cases where the toxic 
symptoms are manifest at the time when the bacteriophage treatment 
is given; in all others scrum causes more bother than benefit. It seems, 
indeed, that everything may not have been considered, for in a recent 
publication, Pereira*®"* reports on 23 cases of bacillaiy dysentery 
treated at the Hospital Sao Pedro at Porto Allegre. All of these were 
treated solely by the ingestion of bacteriophage suspensions, despite the 
fact that the Shiga bacillus was isolated from the stools of a majority 
of the patients. The conclusions of Pereira, presented below, confirm 
my first observations, and those of da Costa Craz as well. 

The atiti-dysentcry bacteriophage constitutes a specific* treatment for the bacil- 
lary dysenteries, ^^hethor they be caused by the Shiga bacillus or by the para- 
dysentery organisms. 

Without causing general reactions, the ingestion of this principle modifies 
coniplotely, within a very short space of time, the evolution of the dysenteric 
syndrome. liccovc'ty, in a clinical and in a bacteriological sense, is complete. 

By the use of the bacteriophage fliie development of carriers is avoided', for 
dysentery bacilli are never found in the oJtcreta of jjatients who have been treated 
by the ingestion of the bacteriophage. 

Pereira ends liis discussion by suggesting that a milk diet is contra- 
indicated during treatment with the bacteriophage, and this is indeed 
quite logical, for it is obviously necessary to carefully avoid everything 
which may change the reaction of the contents of the intestinal tract 
toward the acid side. 

A final observation of Pereira is noteworthy, for he is of the opinion 
that since the systematic application of the method of treating the 
dysenteries by means of the bacteriophage was instituted, the mortality* 
from enteric diseases in general has considf3rably diminished at the 
hosi)ital. Serum treatment, he adds, comes far from giving as conclu- 
sive results.f 

But to obtain such results I can not emphasize too strongly the point 
that it is absolutely indispensable that the bacteriophage he of maximum 
virulence for the bacterium upon which it is to act If it is impossible to 

* The Osvvaldo Cruz Prize, having been awarded to Pereira for his work, it 
would seem that the Institute itself must sanction his conclusions, and that they 
must agree with those obtained at the Institute itself. 

t Recently Spence and McKinley®®® have again confirmed the value of bacterio- 
nhagic therapy in bacillary dysentery. 
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obtain a maximal virulence as I hav6 defined it (complete and permanent 
dissolution of normal suspensions of 250 million bacilli per cubic centi- 
meter) races of the bacteriophage with a very high virulence may be 
used, but those less active should never be employed. To use, either 
for prophylactic or for therapeutic purposes, races of the bacteriophage 
of moderate or even strong virulence, is to decide in advance that suc- 
cess or failiu'e makes no particular difference. 

I should also add that it is indispensable, even though the race of 
bacteriophage used is of maximum virulence' and does not permit 
secondary cultures to develop, to filter the suspensions to be used for 
therapeutic purposes through a candle of kno^ efficiency. 

In addition, and on this point of general application it is in\possible 
to place too much emphasis, it is imperative to administer the suspen- 
sion just as early in the course of the di^ase as is possible. Early in 
the disease the bacteriophage has but .one thing to do — to cause bac- 
teriophagy, — and this is all that is Ifcquired. Naturally, the bacterio- 
phage is unable to cause even tha slightest modification in organic 
lesions which have already developed. And, inasmuch as the adminis- 
tration of the bacteriophage is always Jhsarmless, even if the diagnosis is 
later proved to have been erroneous, it shbuld be used at once without 
awaiting a confirmatory laboratory diagnosis.®*^ 

As regards d 3 reentery, Otto and Munter,^*® and later Davison,'^® re- 
ported that their attempts at treating bacillary dysentery were complete 
failures. It is only fair to say that these authors made their attempts 
early in their study of bacteriophagy, without apparently having a 
sufficient knowledge of the distinctive characteristics of the bacterio- 
phage, and, indeed, since in both of these reports the conclusion Ls 
reached that the active principle is a ferment derived from the bac- 
terium, any idea of virulence could hardly have been within their con- 
ception. They most certainly used bacteriophage races of weak viru- 
lence, and the results could not be other than those which they ob- 
tained. This hypothesis seems the more probable, in that it so happens 
that da Costa Cruz passed through the same experience before he 
obtained the very beautiful results which we have just noted Two 
years prior to the publication of the report from which we have just 
quoted, that is, at the be ginning of his work on the subject of bacterio- 
phagy, he attempted the treatment of dysentery with suspensions of the 
bacteriophage, and he concluded that the therapeutic value was pre- 
cisely zero, “quite the opposite to what d'Herelle assumed.”* 

* In his paper’*' he states that the results obtained in this first series of experi- 
ments were completely negative, '‘despite the great activity of the bacteriophage 
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After having followed for two years his studies on the subject of 
bacteriophagy, now understanding the mechanism of the phenomenon 
more completely, he used bacteriophage races whose virulence was in 
fact very high. The results obtained are those reported above.* 

2. BACTERIOPHAGE THERAPY IN DIFFERENT INTESTINAL DISTURBANCES 

In the paper of da Costa Cruz from which we have quoted the follow- 
ing comments appear. , 

In addition, we have been jpurprised at the results obtained in cases of chronic 
colitis of undetermined nature, of several years duration, — up to 15, — and which 
have recovered following bacteriophage therapy. 

We have also observed one case of alimentary intolerance which recovered 
quickly and permanently after administration of the bacteriophage. This offers 
additional evidence that these conditions are of bacterial origin, associated with 
typical dysentery bacilli or with thd^very closely related H. colt forms. The 
bacteriophage has always been administered per os, twice a day, morning and 
evening, in doses of 2 cc. diluted in a glass of water. 

I have myself applied treatment by the bacteriophage to about 100 
cases of intestinal disturlmnc^S/^^patients with a colitis, or an enteritis 
without a definite^ cause, and.'J have obtained a permanent recovery in 
almost all of the cases. I have always used mixtures of different races 
of the l)actcriopliage, including races virulent for the dysentery and 
paradysentery bacilli, for the paratyphoids A and B, for B, enteritidis, 
and for li, i<iiipestifer. As da Costa Cruz implies, in these cases it is 
often necessary to continue the ingestions throughout several days. 

BAOTKKIOPflAGB THERAPY IN TYPHOID AND THE X ARATYPHOID FEVERS 

In the experiments which were made on preventive inoculation against 
avian typhosis, among the fowls vaccinated there were about 100 which 
were already sick at the time when the suspension of the bacteriophage 

for the Shiga bacillus,” and he adds in parenthesis, that the bacteriophage was 
active in vitro up to a dilution of 1:100. This very brief record shows that, 
contrary to what he then believed, the bacteriophage used in his therapeutic 
tests had but a low^ virulence, and not a high virulence, for had this been the 
case it would have been active, not at 1:100, but in a dilution at least a million 
times greater. 

* A further commentary on these early adverse reports is provided by the fact 
that Munter, as a result of some observations made with Boenheim,^®^ renouncing 
his first conclusions, has affirmed that it is possible to obtain some very interest- 
ing results in the bacillary dysenteries of children. 



550 


THE! BACTBBIOFHAGE AND ITS BEaAVIOB 


was injected. The mortality in the epizootics which I observed was 
nearly 100 per cent. In the chickens which received the bacteriophage 
suspension the mortality was about 5 per cent. 

Ab the typhoid and paratyphoid bacilli are closely related to B. 
gaUinarum, and since in many respects typhosis closely resembles 
human typhoid fever, 1 thought that a specific bacteriophage therapy 
of this last disease could be readily accomplished. This was a mistake. 

Beckerich and Hauduroy** treated 12 cases of typhoid and paraty- 
phoid fevers with the bacteriophage. They report as follows : 

In 2 cases of the ataxoadjmamic form in the adult, as well as in 2 
cases in children, all very severe cases, the administration of the bac- 
teriophage proved of no benefit. 

In 2 cases of the ordinary form, treated between the 9th and 18th days 
of the disease, the patients were given by ingestion 2 cc. of a suspension 
of the bacteriophage virulent for B. typhosus. Two hours after the 
treatment a crisis occurred, with sweating, which was fol’owed by a 
permanent fall in temperature in 48 hours. 

In 2 very severe cases of infection by B. paratyphosus B in infants, the 
bacteriophage was adminstered, on the 9th day in one, on the 28rd 
day in the other, by the subcutaneous injection of 1 cc. and the simul- 
taneous ingestion of 2 cc. In the first case the temperature dropped to 
normal within 24 hours; within 48 hours in the second case. As in the 
preceding cases successfully treated a sudoral crisis occurred about 2 
hours after the administration of the bacteriophage. 

In 2 cases of severe typhoid fever in adults, on the 10th and on the 
14th days respectively, the bacteriophage was administered by mouth 
(5 cc.) and by subcutaneous injection (1 cc.). Permanent defervescence 
followed within 48 hours. 

In all of the cases which have been described, the pathogenic bacillus 
was isolated by blood culture shortly before the administration of the 
bacteriophage, indicating that the disease was in its full development. 

Hauduroy and Arsimoles*®’' report a B. typhosus infection, assuming 
the form of a dysentety, — severe abdominal pain, colic, vomiting, mu- 
cous and bloody stools, and fever. The patient was given per os a 
bacteriophage virulent for both B. typhosus and B. dysenteriae. The 
blood quickly disappeared from the stools and convalescence began 
within 48 hours. 

Albssandrini and Dona® treated 18 cases of typhoid fever with the 
bacteriophage. In 9 the therapeutic result was very clear-cut, — ^a 
rapid improvement in the general condition with a complete loss of 
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fever within a week. They noted that the highar the virulence of the 
bacteriophage for the bacterium causing the infection the sharper were 
the results and the more rapid the recovery. 

Smith®*® has employed the bacteriophage therapeutically in 7 cases. 
In 5 he obtained a defervescence which began immediately after the 
administration. In the other 2 no benefit resulted, in spite of the fact 
that the bacilU from the blood, from the urine, and from the feces were 
susceptible to the bacteriophage used. 

Richet, Azerad and Delame®” have published notes on a case of a 
paiient affected with a very severe typhoid of the ataxoadsmamic type, 
which they treated by injections of bacteriophage. They state: “Im- 
provement was apparent within 24 hours. Within 3 days the condition 
was radically transformed. In our opinion no other therapy would have 
caused as rapid an improvement. It appears to us to have acted as a 
specific therapy should act.” 

Philibert and Hauduroy®®* have applied this treatment to a number 
of cases of typhoid fever with very variable results; the effect was 
very definite in some cases, entirely negative in others. 

Jlcrdcrshee and Wolff*®* have treated about 100 cases without bene- 
ficial results. 

It is worthy of note, however, that the conclusions of all of these 
authors is, in one respect, very definite. Either improvement with the 
tall in temperatiu% occurs promptly after the administration of the 
bacteriophage, or no improvement at all results. There is no inter- 
mediate. The action is either complete or it is entirely lacking. 

We thus have available the following facts: 

The studies made on d 5 'sentery show that the uonditibh of the patient 
is strictly related to the virulence of the intestinal bacteriophage for 
the pathogenic bacterium. Furthermore, the administration for 
therapeutic purposes of a suspension of the bacteriophage virulent for 
the pathogenic organism acts in all cases in a specific manner and causes 
a prompt cure. 

In typhoid and the paratyphoid fevers, the situation is the same as 
regards the condition of the patient, this is always directly related to 
the virulence of the intestinal bacteriophage for the pathogenic bacillus. 
But in these infections, the situation docs not parallel what is observed 
in dysentery, at least in the majority of cases the ^ecific therapeutic 
effect is lacking. When such an effect does occur, it takes place just 
as in dysentery, but as a rule beneficial action does not attend the 
treatment. 
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For this difference in behavior and in effect there must be a cause. 

Marcuse"* attributes the failures in typhoid fever to the assumption 
that a contact between the bacteriophage and the bacteria does not 
occur. It is necessary to have recourse, therefore, in typhoid fever to 
intravenous injections given in conjunction with ingestion. It is possi- 
ble that this may account for the failure in some cases,, but I do not think 
that it will explain all of them. 

The thought naturally occm^ that while the dysentery bacilli are a 
homogeneous species, the typhoid and paratyphoid bacilli are a hetero- 
geneous species, and that this might explain the difference in the be- 
havior of the bacteriophage suspensions when introduced into the body 
of the patient. Here again, certain failures may be explained upon 
such a basis, but I do not think that this can be the principal cause of 
lack of success. 

Very recently Hauduroy has discovered a fact which may better ex- 
plain the failures.*®* He has found that in vitro the addition of bile to 
the medium inhibits bacteriophagy. The bacteriophage protobe is 
not destroyed, but its action is completely inhibited. In vivo the 
bacilli which are found in the gall bladder are thus completely protected 
against bacteriophagy, and consequently when the infection involves 
the bladder the administration of bacteriophage can have no effect 
upon thd course of the disease. 

An earlier finding of Hauduroy is in accord with this conclusion. He 
observed in a case where the administration of the bacteriophage had no 
effect upon the course of, the disease that there was, nevertheless, a 
diminution and even a disappearance, of the typhoid bacilli from the 
feces. But this disappearance was only transitory, for a short time 
afterward tbfty were again present as abundantly as before the ad- 
ministration of the bacteriophage. 

The inhibitory action which bile exerts on bacteriophagy will cer- 
tainly explain some of the failures, but it is probable that even tliis is 
not the key to the situation. 

Is the typhoid bacillus which we know, which wc see under the 
microscope, always the agent of the typhoid and paratyphoid fevers? 
In the forms of the disease of average severity, and more probably in 
the benign forms, it is probable; in the severe forms, it is doubtful. 
What, then, is the true agent in these? 

We have discussed this question in an earlier chapter, and recent 
experimental studies show, that in reality certain forms of typhoid 
fever, the most severe ones, must unquestionably be double infections 
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in a sense, the two agents being the known visible form of B. typhosus 
and the infravisible form.* Insofar as the disease caused by the in- 
fravisible fonn of B. typhosus is concerned, the bacteriophi^ may have 
no action. 

4. BACTERIOPHAGE THERAPY OP COLON BACILLUS INFECTIONS 

Let US first state that since B. coU is, of all bacterial species the most 
heterogeneous, up to such time as some one succeeds in isolating a 
poljrvirulent race of the bacteriophagef — ^it will always be necessary to 
utilize in the treatment of each particular case what is improperly 
termed an “autobacteriophage.” Treatment can be effected only by 
testing those races of the ('oli-bacteriophage available in the laboratory 
and using that race which proves to be most virulent for the bacillus 
causing the infection. This has been the procedure of those who have 
attempted the bacteriophage treatment of B. coU infections. 

Beckerich and Hauduroy®’ wore the fiist to publish results in this 
field, their report comprising 3 cases of puerperal pyelo-cystitis treated 
by a single subcutaneous injection of 1 cc. of a Coli-bacteriophage sus- 
pension. In the two cases where the B. mli isolated from the urine was. 
susceptilde, a sudoral crisis occurred 2 hours after the injection, the 
temperature quickly fell to normal, and cure was definite after 48 hours. 
In the third case the urinaiy colon bacillus was not susceptible, and no 
benefit followed the treatment. 

These same authora®" then published the results obtained in 11 cases 
of urinary tract infection; 9 were recoveries, 2 were failures. Haudu- 
ioy‘® then applied the method in a large number of cases. Here are 
four of his observations, taken as examples. All are alike, however, 
in that the bacteriophage caused recovery. Again we find the same 
situation, namely, if recovery takes place at all, it occurs quickly. The 
effect seems to be “all or nothing. ’ ’ 

Case 1. Mrs. II 35 years old. The patient had a chronic 

cystitis of 3 years duration, consequent to a puerperal infection. At 
the time when she appeared for treatment, urine secretion was abundant, 
and urination was frequent, with pain and burning. There was no 

* I'here must also be forms of typhoid fever caused by the infravisible form 
alone, for in certain morbid conditions presenting clinically all of the symptoms 
of a severe typhoid, a most careful study will not permit the isolation of any 
organism capable of being considered as the cause of the disease. 

t We have seen that Gratia has succeeded in isolating a polyvirulent race active 
for staphylococci. This offers hope that such a one may be found for B. eoli. 
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fever. The general condition was poor; the patient was emaciated. 
Up to the present time the disease had run a cyclic course, acute at- 
tacks following periods of remission. 

The present attack had persisted for several weeks. Treatment of 
various kinds?, -- application of heat to the pelvis, urotropin, — had been 
instituted, but no improvement resulted. Bacteriological examination 
showed the urine to be virtually a culture of B. coli, and this B. coli 
was susceptible to a race of the bacteriophage maintained in the labora- 
tory. Two cubic centimeters of this bacteriophage suspension were 
injected subcutaneously in the thigh. The next day there was a slight 
redness and swelling and a little pain. A second injection of 2 cc. was 
given on the following day. A local and not painful reaction followed. 

The day following the second injection the pain associated with urina- 
tion had disappeared, and urination was less frequent. During the 
following days the need for urination became less and less frequent. 
On the .Ith day, bacteriological examination showed that the urine was 
sterile. Two months later the patient had gained 1 1 pounds, the general 
condition was excellent, urination was normal and recovery was com- 
plete and permanent. 

In brief, this was a case of ehronic cystitis due to B. coli. Medical 
treatment had faded. Clinical and bacteriological cure occurred, at the 
expense of a very' slight local reaction, within 7 days after 2 injections 
of the bacteriophage. 

C’ase 2. Mrs. F. A primipara in the 5th month of pregnancy. 
An acute case of pyelonephritis on the right side. Eight days after the 
onset of the attack the temperature had fallen somewhat, but the kidney 
remained large, very sensitive, and the urine was cloudy. Bacteriologi- 
cal examination showed B. coli to be present; the B. coli was susceptible. 

The patient was given a subcutaneous injection of 1 cc. of Coli- 
bacteriophage and it ^s instilled into the bladder twice. Improve- 
ment was very prompt. The patient got up a few days after the in- 
jection and at this time the urine was clear and culturally sterile. 

(lasc 3. A female child, 1 year old. The general condition was poor, 
l-hcre was a B. coli pyelitis. The treatment was: 

On April 19, a subcutaneous injection of 0.75 cc. 

On April 22, a second injection of the same bacteriophage. 

This same day the urine was clear. Bacteriological examination 
on April 25 showed the urine to be sterile. Recovery was complete. 

('ase 4. An infant with a recent acute pyelitis. The urine sdelded 
an abundance of B. coli; the strain was susceptible. Two injections 
of 0.5 cc. of a CoU-bacteriophage were given, with a 48-hour interval. 



SPECIFIC THERAPY WITH BACTERIOPHAGE SUSPENSIONS 655 


Recovery, clinically and bacteriologically, was complete 4 days after 
the first injection. 

Along with the many cases where recovery was obtained in a manner 
as abrupt as in the cases cited above, Hauduroy encountered some ab- 
solute failures.* 

Philibert and his associates at the Hopitaux de Paris, have 
treated many cases of B. coli urinary infections. Here are their 
conclusions: 

Colon bacillus infections, particularly septicemia and pyelonephritis, are 
improved or cured with great facility by the anti-coH bactcjriophage. Recovery, 
occurring in all of the cases which we have observed within 24 to 48 hours, is 
evidenced by a clearing of the urine, a cessation of the pains, a disappearance 
of the pollakiuria, a regression of the renal swelling, a fall in the temperature, and 
in a general improvement. The fall in tem])erature may take place either ab- 
ruptly, or by lysis, and is accompanied by a diaphoretic ‘crisis. 

After remarking that in certain cases, recovery does not take place, 
a result which, they say, is primarily due to the fact that the bacillus 
of the patient is not susceptible to the bacteriophage used, they add: 

Every case of colil)acilluria is subject to this treatment, whether it is a case of 
pyelonephritis of ])rcgnancy, of calculus, of intestinal or of septicemic origin. 
^Ve often encountcrod coli bacilJurias associated with, or secondary to, intestinal 
disturbances in tabetics, in patients who were constipated or had an enteritis, 
and it seemed as though the intestinal disturbance as well was improved by the 
bacteriophage treatment. 

Arloing, Dufour, Bouvier and Sempe^® have also obtained extremely 
rapid cures in cases of pyelonephritis,! and Muiitor and Boenheim^®^ 
report the successful treatment of pyelitis in infants, while Pereira®®® 
has treated urinary infections in adults. 

* The method employed by Hauduroy for the T)raparation of the suspensions of 
Coli-bactcriophage was as follows: After having isolated a large number of races 
of the l)acteriophage virulent for B. coli he maintained by successive passages 
two races which were distinctive because of their wide range of virulences. The 
B. coli under test is planted in bouillon. When the turbidity is slight, but quite 
evident, a mixture of these two races of the bacteriophage is added, and bacte- 
riophagy is allowed to take place at 22®C. When the material becomes clear a 
concentrate<1 suspension of the B, coli strain is added and bacteriophagy takes 
place a second time at 22®C. The medium again being clear, it is filtered through 
a candle and distributed in ampoules which are kept in the ice-box until used. 

t Marcuse^®® has succeeded in producing an experimental colon bacillus cystitis 
in guinea pigs. They were cured by the bacteriophage. 
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I have treated a dozen cases of simple cystitis or pyelonephritis, in 
which I had previously shown that the pathogenic B. coli was susceptible 
to one of my races of bacteriophage. In the treatment of aill of these 
cases the suspension of the bacteriophage which I used was prepared by 
the complete bacteriophagy of a suspension of B. coli containing 250 
million bacilli per cubic centimeter. In some of the cases the bacterio- 
phage used was developed at the expense of the colon strain isolated 
from the patient, in others, it was developed at the expense of a labora- 
tory strain. I was unable to detect any difference in the therapeutic 
effects; the single condition essential to a therapeutic success being 
that the bacteriophage inoculated be active for the pathogenic bacillus 
of the patient. 

I have alwa3rs applied two injections of a maximum of 2 cc., at a 24 
hour, or at a maximum, a 48 hour interval, and I have given at the same 
time bladder instillations with a 1:10 dilution in saline of the bacterio- 
phage suspension. 

We have seen that repeated injections of the bacteriophage may lead 
to the development of the state of antiphylaxis. Hence, the injections 
should not be repeated indefinitely. Furthermore, experiment shows 
that two are sufficient, for if beneficial results are not obtained with 
them, it means that the race employed is devoid of action. As for the 
instillations, they may be repeated as many times as seem advisable, 
for they do not lead to antiphylaxis. Ingestions are also hamdess in 
this respect as I have shown. To test this last point, I ingested daily 
throughout a period of a month, 10 cc. of bacteriophage suspensions 
virulent for B. coli, B. dysm^iae, and for B. paratyphosus A and B. 
No harmful effects followed. 

But to return to the treatment of B. coli infections of the urinary 
tract. In the 12 cases which I have treated, being assured always in 
advance that the bacterium was susceptible to the bacteriophage, 
clinical and bacteriological cure was obtained within 5 days of the last 
injection, with the exception of the first case treated. Here is the 
history of this patient. 

A woman, aged 30 years, had suffered from a cystitis for 7 years. The 
patient had been under the care of several specialists who had applied 
various forms of treatment, including auto-vaccines at two different 
times, some 30 injections being given in each series. In neither in- 
stance could any beneficial effect Ije observed. 

The B. coli isolated from the urine proved to be very susceptible and 
I prepared material for use in treatment by the bacteriophagy of a 
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suspension, 250 million bacilli per cubic centimeter, of the strain derived 
from the patient. Clearing was ijcrfect in 8 hours. I gave, with a 
48 hour interval, two injections of 2 cc. of this filtered suspension. 
Fifteen days after the last injection there had been no improvement, 
for the urine was as heavily loaded with li. coli as before, in fact, it was 
simply a culture of the bacillus. 

I then gave the patient a bladder instillation, using 20 cc. of the same 
bacteriophage diluted with physiological saline. Five days later the 
urine was sterile. Cure was permanent, for 6 months later examination 
.showed that the urine was still sterile. 

Since this experience I have always combined subcutaneous injection 
with bladder lavage, a procedure which offers no inconvenience. 

I have had occasion to treat one case of angiocholecystitis. The 
patient, a woman aged 32 ye.ars, had been in the hospital for 6 months. 
During this time the temperature had varied between 37.8 and 39°C. 
The infection had resisted all of the usual types of treatment, including 
vaccine therapy. The patient was extremely weakened and emaciated. 
Two hours after the injection of 2 cc. of a suspension of the bacterio- 
phage (a race isolated 2 years previously from the stools of a cholera 
convalescent, and developed at the expense of a stock strain of B. coli) 
the temperature rose and quickly reached 40.5°C. It stayed there 
from the 7th to the 11th hour after the injection. Then there occurred a 
rapid fall, without general disturbances but with a profuse sweating, 
and 22 hours after the injection the temperature was 37.2°C. and the. 
patient entered upon convalescence. She left the hospital in a perfect 
state of health 12 days later. For the 2 years following her discharge 
from the hospital she has shown no morbid symptoms. 

What is the principle which causes the recovery in these B. coli 
infections? Is it the dissolved bacterial substance, or is it the bacterio- 
phage itself acting as a parasite of the bacteria? 

In order to reach an answer to this quooiMon it is only necessary to 
recall that in all cases, whether cure resulted or whether the diseased 
state persisted without change, the dissolved bacterial substance was 
injected. But recovery followed only when the bacteriophage inocu- 
lated was virulent for the pathogenic bacterium. It is, then, the 
''virulence” which is effective. This means that recovery qeeurs be- 
cause the bacteriophage protobes parasitize and destroy the pathogenic 
bacteria. 

The treatment of infections due to B. coli by the bacteriophage is 
specific. When someone succeeds in isolating a race of the Imcterio- 
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phage possessing a virulence for all strains of B. coK, the treatment can 
be applied as a routine measure, without the necessity of first determin- 
ing whether the bacillus in each patient is susceptible to some race of 
the bacteriophage which is available. This lack of a polyvirulent race 
is a complication which considerably limits the general application of 
the treatment to infectious processes whose etiological agent is the colon 
Jiacillus. 

5. BACTERIOPHAGE THERAPY OP STAPHYLOCOCCUS INFECTIONS 

Ri’uynoghe and Maisin^^ were the first to use the Staphylo-bacterio- 
phage therapeutically. They applied it in the treatment of 6 patients 
with anthrax or furunculosis, injecting as closely as possible to the 
lesions a single dose, varying from 0.5 to 2 cc. Their bacteriophage had 
been heated at 56°C. They observed a rapid diminution in the indura- 
tion and often its complete disappearance within 24 to 48 hours. In- 
fections which had already suppurated opened and dried up quickly. 
They noted that in some individuals there occurred a rise in temperature 
following the inoculation, while in others the temperature was not 
changed. They gained the impressiolf that a febrile reaction occurred 
especially in those patients having extensive lesions where the rapid dis- 
solution of the cocci involved the resorption of large quantities of the 
bacterial products. As for the local reaction, they noted that the point 
(^f injection was painful and slightly edematous for a period of 24 hours. 
" These authors were the first to publish their results on the treatment 
of staphylococcus infections, but certainly Gratia, making his experi- 
ments at the same time, should receive the credit for having clearly 
shown the advantages of the bacteriophage in the treatment of these 
infections. 

We know that the, staphylococcus is a heterogeneous species as re- 
gards bacteriophagy, but Gratia isolated a race of the bacteriopliage 
which is polyvirulent. By repeated determinations ho demonstrated 
that all strains of the staphylococcus, — albus, aureus, and citreus, — 
which he tested were susceptible to this race. I have also found that 
none of the strains, about 100 in number, which I have isolated from a 
series of patients are resistant to this race. Micrococcus tetragmus is 
also susceptible to it. Without this discovery of Gratia we would have 
been obliged, as in the case of B. coli infections, to determine for each 
patient the virulence of the race for the causative staphylococcus, and 
in case of a resistance, to effect passages to bring about an adaptation, 
a tiresome procedure and one which would materially restrict the ap- 
plication of the treatment. Having a polyvirulent race, it is possible to 
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employ it as a “stock bacteriophage,” as is the case in the treatment 
of the dysenteries. 

Gratia,*®’^ at the hospitsil at Braxelles, has treated some 50 cases of 
different staphylococcus infections. At the beginning he injected the 
suspension directly into the lesion, a procedure, in general, attended 
with much pain. But from the first case of folliculitis treated, he saw 
that this mode of procedure offered no advantages, and that the injec- 
tion could be made in any portion of the body and give identical results. 

In cases of staphylococcus septicemia he used the intravenous route. 

The doses used varied from 0..'> to 3 cc., usually but one injection 
being given. In certain cases two injections, — ^the maximum number, — 
were given with a 24 hour interval. 

He found that in certain cases the general reaction following the in- 
jection passed unperceived, while in others, there was a transitory eleva- 
tion of temperature. A strong general reaction, as a rule, followed in- 
travenous administration. 

The local reaction consists in an erythematous induration at the 
point of injection, accompanied with pain and pruritus. The inflamed 
area may l)e as large as the palm of the hand, and the reaction may 
persist for 24 to 3(i hours. At the locus of the lesions a congestive re- 
action is obseived. In this* connection he mentions two very interesting 
cases. 

A patient had a folliculitis of the left fore-arm, and also showed on 
physical examination, the scar of an appendectomy done 4 months pre-f^ 
viously. Immediately after the injection of 1.5 cc. of bacteriophage 
susi)on.siou subcutaneously in the arm the patient showed, not only a' 
local reaction at the point of inoculation and in the foci of the folliculitis, 
but also an intense congestion in the operative cicatrix, which became 
red, painful, and which 2 days later, eliminated two infected silk threads. 

The other case is that of a man who had suffered from a chronic fur- 
unculosis for 15 years, and at the time of treatment had many small 
furuncles upon different parts of the body. Immediately after the 
injection of 1.5 cc. of the Staphylo-bacteriophage, given subcutaneously 
in the left arm, he showed first the usual local reaction, and later, on 
the next day, although in the meantime all of the furuncles had aborted, 
an urticarial crisis, accompanied by a rise in temperature to 40“C. 
The attack persisted throughout the night, and reappeared in an identi- 
cal maimer 4 dasrs later, without any other disagreeable results. 

The conclusions of Gratia follow: 

.... we think that we may conclude that injections such as we have c^ven 
are inoffensive. They influence the evolution of folliculitis, furunculosis, an- 
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thrax, and subcutaneous abscesses, giving unquestioned favorable effects. As 
the local congestive reaction, which persists for 24 hours, disappears, there is a 
very marked reduction of the local tenderness and a quick disappearance of the 
erythema, which, before vanishing, assumes a bluish tinge. There is an-early soft- 
ening of the induration and the edema disappears. Very often the cores, the 
purulent masses, undergo a rapid liquefaction, and they may be evacuated 
through a very small opening, or they may even be gradually absorbed without 
leaving a scar. 

It may be added that of the 50 cases treated within a period of three 
months only one had a recurrence. 

The authors mentioned above have used suspensions of the bacterio- 
phage which had been heated at 56 to 58°C. Following my suggestion, 
Bastin“. worked with suspensions which were simply filtered. In con- 
trast to the findings of the preceding authors he did not find that the 
inoculations caused any appreciable general reaction, and that the local 
reactions, although of variable intensity, were but slight. From his 
experience he concluded that: 

Contrary to that which has been observed following the injection of heated 
suspensions, the inoculation of a fresh suspension docs not cause any significant 
general reaction, and the local reaction is minimal. We think that the reactional 
phenomena reported by Bruynoghe and Maisin, by Gratia and .Taumain, must be 
due to the injection of albuminous substances which have been modified by the 
heating. 

Whatever may be the reason for these differences, I can fully confirm 
the fact that the inoculation of suspensions of a virulent Staphylo- 
bacteriophage, simply filtered through a candle, does not cause any 
material general reaction, while the local reaction is essentially the 
same as that which follows the injection of heated suspensions of 
staphylococci (vaccines). 

Nelson Barbosa*^* has applied bacteriophagic treatment to cases with 
staphylococcus cystitis, with recovery, both clinical and bacteriological, 
within 2 or 3 days following the injection of 0.5 to 1 cc. of a bacterio- 
phage suspension. 

Hauduroy®*® also, has successfully used bacteriophage treatment in 
staphylococcus infections. 

Bazy“ reports on the use of bacteriophagic therapy in all types of 
localized pyogenic surgical infections. In some cases he brought the 
bacteriophage directly into contact with the lesien (anthrax, locah'zed 
abscesses) by encirchng the lesion with a series of injections. In other 
cases he injected the suspension subcutaneously in some part more 
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remote from the lesion. The results were essentially the same in both 
cases. 

One might say, he states, that they have been excellent, and that the pro- 
cedure has invariably been well tolerated by the patients. The therapeutic 
effects may be summarized thus : — In all cases where the pathological condition 
involved only purely reactional phenomena a rapid regression of the lesions and 
the restitutio ad integrum was witnessed. Wherever there was a tendency toWard 
suppuration and necrosis, this developed rapidly, the abscesses matured better 
and more quickly, and the necrotic material was eliminated more rapidly. In 
short, recovery was accomplished after a very short delay.* 

* It is interesting that Bazy attributes the curative power, not to the bac- 
teriophage itself, but to the dissolved bacterial substances. Some of the reasons 
which he advances for this view are rather peculiar. “In vitro, he says, we ob- 
serve the formation of secondary cultures.” Surely, and we know that secondary 
cultures with races of maximum virulence occur, or do ngt occur, according to the 
conditions of the experiment, — the reaction of the medium, the temperature, etc. 
But the fact that under certain conditions they do develop in vitro does not prove 
that they must also occur in vivo. 

He affirms, in support of his thesis, that Gratia has obtained the same results 
wuth filtrates of cultures w'hich have autolyzed spontaneously, and with sus- 
l)eiision8 of the bacteriophage which have been heated at 70®C. Let us state at 
once that heating at 70°C. does not necessarily destroy the bacteriophage, but this 
is of little moment. 

Bazy refers to tw^o of Gratia^s publications but he alters the sense strangely. 
In the first, (iratia^^’^ states that he wished to determine whether the local and 
general reactions following the injections were due to the presence of the bacte- 
riophage or of the bacterial substances. He concluded that the latter are the 
cause, because suspensions heated at 70®C. cause the same reactions. But he 
does not say a word about the therapeutic effects obtained v;ith such heated 
suspensions. 

In the second paper, criticizing the experiments of Besredka on local immunity, 
Gratia^®^ injects into the skin of rabbits, either suspensions of the bacteriophage, 
or autolysates, or pure sterile bouillon. After a certain interval he injects these 
animals, in the region of the first injection, with a staphylococcus culture. And, 
while in the unprepared control animals there occurs a large local lesion, in those 
which have previously been inoculated, even with pure bouillon, nolesion develops. 

Gratia associates this experiment with the old experiment of Metchnikoff, 
w hich showed that if some pure sterile bouillon was inoculated into the peritoneal 
cavity of guinea pigs a few hours before the injection of a culture of vibrios, the 
guinea pigs were protected. 

This experiment of Gratia has no relation to the therapeutic treatment of 
staphylococcus infections. In case it is desired to bring out such a relationship, 
1 would simply advise Bazy to attempt the treatment of cholera or of furunculosis, 
by a single injection of some sterile bouillon. 

Gratia’s experiment, and the conclusions which he has drawn with reference 
to the theories of Besredka arc perfectly logical. Bazy has attempted to general- 
ize from them, and has derived some very absurd conclusions. 
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Gougerot and Peyre^^ have applied the bacteriophage treatment to 
sycosis, a disease up to the present time incurable, and whose etiology 
even, is subject to discussion. The experiments of these authors dis- 
close a therapeutic procedure, and show at the same time that the in- 
fectious agent must be a staphylococcus.* 

They first applied the bacteriophage by the subcutaneous route, as 
in other staphylococcus infections, but the result was clearly negative. 
To quote from their paper: 

Local treatment is the only method to yield results. It is necessary to pa- 
tiently open each pustular element with a pipette containing the suspension of 
bacteriophage in such a way as to inoculate each pustule. All of the elements 
must be attacked, even though they be minute. A compress moistened with the 

bacteriophage suspension is placed over the area involved Frequently 

on the next day a disagreeable reaction is observed, and it is necessary to pro- 
tect the patient because of the annoyance of the lesions. As a matter of fact, 
each pustule increases in size, and it becomes surrounded by an inflammatory 
zone, indurated and red. One gains the impression that a struggle between 
the staphylococcus and the bacteriophage is going on. And then, at the end of 
48 hours, the injected lesions have dried up and disappeared. Every other day 
it is. necessary to repeat this procedure, certain pustules having been overlooked 
or having appeared after the first treatment. Lack of success is due solely to 
neglect on the part of the patient to have all of the cutaneous elements treated. 
At the end of 8 to 10 applications improvement is manifest. 

In two cases it has been possible for us to state that cure has resulted. 

The first case was a physician having a pustular sycosis of the superficial 
variety with erythemato-squamous dermo-epidermitis. 

The second case was that of a tailor having a sycosis with large hypodermic 
nodules and a diffuse dermo-epidermitis, involving the moustache, the beard, 
and the pubis. 

In two other cases now undergoing treatment^—pustular sycosis with amian- 
thoid squamous epidermitis; and a pustular sycosis with an oozing ulcerous 
der^go-epidermitis, — a very great improvement has already been obtained, in 
spite of the fact that the classic forms of treatment were unable to prevent the 
spread of the lesions. 

These attempts, some 100 or more, at the treatment of diverse in- 
fectious processes due to the staphylococcus permit us to recommend 
the following mode of procedure. 

In the first place utilize a race of the bacteriophage which is poly vir- 

* It is impossible, as a matter of fact, to definitely affirm this, for it may quite 
logically be objected that, inasmuch as the bacteriophage possesses the power of 
adaptation, especially in the direction of the acquisition of virulences, it may 
acquire in the lesion the power of attacking the microbe the true causative 
agent of the disease. 
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ulent (race h of Gratia, for example) with a maximum virulence. 
After the complete bacteriophagy of a suspension containing about 
250 million cocci per cubic centimeter, filter the suspension; never heat it. 

For furunculosis and folliculitis inject 1 cc. of the suspension sub- 
cutaneously, at any point whatever, but preferably under the skin of 
the abdomen. The injection should be once repeated, after an inter- 
val not greater than 48 hours. 

TiOcal abscesses and anthrax should be treated by an inoculation of 
1 to 2 cc. into the immediate vicinity of the lesion, by one, or better 
several, injections surrounding the focus. When it is po^ble, it is 
still better to inject directly into the lesion itself, using a very fine needle. 
In this case 0.25 to 0.5 cc. of the bacteriophage suspension is adequate. 

For septicemias, a single intravenous injection of 2 to 3 cc. -should be 
given. 

For sycosis, the technic of Gougerot and Peyre should be adopted. 

For urinary tract infections, give two subcutaneous injections of 1 cc., 
with a 48 hour interval. At the same time, morning and evening instill 
into the bladder 10 cc. of the bacteriophage suspension diluted in 40 
cc. of physiological saline. The instillations may be repeated over as 
long a period as is desired, without any harmful results. Generally, 
however, treatment is completed in 2 days, that is, with two injections 
and four instillations. 'Ihese usually effect a cure. 

What element present in the Bacteriophage suspension causes the 
recovery? It is certain that the dissolved bacterial substances do not 
remain inert, but the following facts show, it seems to me, that the' 
principal role is played by the bacteriophage protobes themselves as 
living beings parasitic of the staphylococci. 

Everyone w'ho has worked with vaccine therapy .knows that in the 
great majority of cases a very great many injections of autogenous 
vaccines are necessary in order to obtain a demonstrable therapeutic 
effect, and even then such an effect is not always observed. All ofb 
those who have worked with bacteriophagic therapy mention the fact 
that they have successfully treated cases which had resisted a series of 
injections of autogenous vaccines. And yet a single injection of a 
bacteriophage suspension usually caused an immediate cure. 

We have already considered the question of the autonomy of the . 
bacteriophage as regards the bacterium; we may recall the experiment 
of Gratia carried out with the two races of the bacteriophage, one. uni- 
virulent, solely active for one strain of Staphylococcus aUms, the other 
polyvirulcnt. In this connection the following experiment is of in- 
terest, since it forms a corollary to Gratia’s. 
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I prepared two suspensions, both derived through the bacteriophagy 
of a single strain of Staphylococcus albus. One suspension was obtained 
by means of a univirulent race of the bacteriophage active for this one 
strain only, while the other suspension was the result of the action of 
the pelj-virulent race of Gratia. 

Two patients having a recurrent furunculosis received two injections, 
with a 48 hour interval, of the suspension made with the imivirulent 
race. No improvement resulted in either case. Three weeks later 
in one case, 40 days in the other, a single injection of the suspension 
made with the polyvirulent race led to recovery. Nevertheless, in 
the two suspensions there was the dissolved substances of the same 
staphylococcus, the strain of Staphylococcus albus which was suscep- 
tible to the univirulent race. 

And finally, a last fact may be presented. Perhaps this is the most 
clear-cut of all, for it shows how fundamental is the difference between 
a “vaccine” and a suspension of the bacteriophage. The repeated 
injection of laboratory animals with the first, as we know, causes an 
immunity, — entirely artificial it is true, — but which is, at least, entirely 
different from the state of antiphylaxis resulting from the repeated 
injection of a bacteriophage suspension. As a matter of fact, this single 
difference, all by itself, shows that the treatment by the bacteriophage, — 
“phagotherapy,” as it might be termed, — bears no relationship to vac- 
cine therapy. 

6. BACTERIOPHAGE THERAPY OF INJECTED WOUNDS 

In the work of McKinley^®* we discover a new field for the applica- 
tion of bacteriophagic therapy, — the treatment of infected woiinds. 

The suspensions of the bacteriophage which he used were prepared in 
the following manner. After isolating a race of the bacteriophage and 
increa^g its virulence to such a point that a bacteriophaged suspension 
spread on agar gave no colonies, he added to 30 to 50 cc. of the sus- 
pension 1 cc. of a 24 hour culture of -the susceptible bacterium. After 
bacteriophagy he added a further 2 cc. of a fresh 24 hour culture, and 
when bacteriophagy was again ended he made a third addition of 3 
cc. of culture, then, after dissolution, a fourth addition of 4 cc., and 
finally, a fifth of 5 cc. When, after this final addition of cocci, bacteri- 
ophagy was completed, he filtered the suspension through a candle. This 
filtrate was used in his therapeutic work.* 

*The method of preparation as previously described, — complete bacterio- 
phagy of a bacterial suspension containing about 250 million organisms per cubic 
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McKinley reports the treatment of 4 cases of old wounds, heavily 
infected, chiefly by the staphylococcus. In all of the cases the results 
were essentially the same; the suppuration stopped shortly after the 
application of the bacteriophage and the processes of healing began 
promptly. His observations recorded as to one of tihese cases are sum- 
marized here, this particular case being selected because of the marked 
general reaction which was caused by the third injection, given 6 days 
after the first. 

J. N. C., a sheet metal worker, aged 57, entered the hospital on October 11, 
as the result of a fall from a height of 30 feet. He landed on both feet, suffering 
a compound fracture of the right tibia and fibula and a crushing fracture of the 
os calcis, with a dislocation of the astragalus of the left foot. The bones of the 
right leg were set, and both the right leg and the left foot were placed in casts. 

On March 26, a piece of bone about 3 inches (7.62 cm.) long was removed from 
the right leg, and the cast reapplied. The wound was badly infected with Staphy^ 
lococcus aureus, 

April 10: Two cubic centimeters of staphylococcus bacteriophage were in- 
jected into the discharging wound and subcutaneously around the wound. 

April 11 : The discharge was markedly decreased. 

April 12: Two cubic centimeters of bacteriophage were again injected into the 
wound and subcutaneously around the wound. One cubic centimeter was given 
subcutaneously into the right arm. 

April 13: There was practically no discharge. 

April 14: The wound appeared much improved. There was practically no 
discharge. 

April 15: The condition was about the same. 

April 16: Two cubic centimeters of bacteriophage were again injected into the 
wound and subcutaneously around it. Treatment was given at G o’clock in the 
morning. At noon the temperature was 103®F. The patient began to have 
cramping pains all over the body and marked emesis. Chills were marked and 
lasted until 5 o’clock that afternoon. 

April 17 : The patient’s condition was a little improved. The wound was heal- 
ing well. There was no discharge. 

April 18: His general condition was much Letter. His temperature was 
normal. He had no chills. He had little nausea but felt weak. The wound was 
healing well. 

April 23 : The patient’s condition was good. The wound was healing. There 
was no discharge. The wound, formerly about 1 inch (2.64 cm.) deep, con- 
tinued to heal, and on May IS healing was nearly complete, except for a sligtit 
depression which contained a small amount of blood clot. 

centimeter, — is more simple and much quicker, and is certainly to be preferred. 
Furthermori', it conforms to the procedure which 1 have employed throughout 
for all of the suspensions which have l>een used so successfully for therapeutic 
purposes. 



566 


THE BACTEEIOPHAGE AND ITS BEHAVIOR 


May 18: The blood clot was cleaned out', and bacteriophage was placed on the 
dressing and laid over the wound. The patient had a marked reaction, beginning 
about 8 o’clock that night, simulating the one described above, only more marked. 
He was nauseated and had chills and fever for a week, together with marked 
swelling of the right leg and foot. 

June 2: The wound was healed. Roentgen-ray examination showed union 
of the fractured bones. 

From my first publications^** on the application of the bacteriophage 
to therapeutic purposes I emphasized the fact that it is not wise to 
multiply injections. All of the observations which have been made 
since justify me in repeating this recommendation. It is never neces- 
sary to give more than 3 injections, and it is particularly important 
that they should be given within an interval of time not greater than 48 hours 
between, the first and the last injection. In the great majority of cases a 
single injection is adequate to lead to recovery, and nothing is gained by 
repeating the treatment. 

This warning applies only to treatments given by a parenteral route. 
Administration by mouth, by rectum, by bladder instillation, or by 
mtroduction into the vagina, can be repeated without danger as many 
times as seems best, and the intervals at which they are given arc of no 
moment, from tlie point of view of inciting harmful effects. 

It may be added that the bacteriophage treatment of infected wounds 
is actually being used in a mimber of hospitals, but in view of the publica- 
tions alre^y made on the subject, those who are applying this f ohn of 
therapy have not yet thought it necessary to publish their observAtions. 
They feel, however, that the method has become an established pro- 
cedure. It so happens that in the surgical service of one of the Paris 
hospitals they have recently shown me a number of patients who had 
been treated by the bacteriophage. Among them was one who was 
admitted, three weeks previously, with a large suppurating wound of 
the thigh, with diffuse phlegmon. The general condition of the patient 
WRS very poor; temperature above 40°C., adsmamic, and the condition 
of the leg was such that the surgeon believed amputation necessary. 
But the general condition of the patient was so poor that he deferred 
the operation until the next day. As a sort of last chance, he injected 
2 ,cc. of a Staphylo-bacteriophage suspension into the muscular tissues 
surrounding the wound. By the next morning the temperature had 
fallen, the general condition was improved, and suppuration was mark- 
edly diminished. Conditions as regards the infection were so far im- 
proved that it was detennined to postpone the operation. During 
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the following days improvement continued. At the time when I saw 
the patient the general condition was perfect, and the healing of the 
wound was far advanced. 

Treatment by the bacteriophage is so simple and the action is so rapid, 
that it should be applied routinely in all cases of suppurating wounds. 

7. BACTEHIOPHAGE THERAPY OP STREPTOCOCCUS INFECTIONS 

In connection with his work on staphyloccoccus infections McKinley"® 
has reported one case of a streptococcus infection treated withl^e 
bacteriophage. 

F. N., aged 39. The patient was first seen on March 9, the present 
illness being of 3 weeks duration. The essential points in the examina- 
tion were; many streptococci in smears of the fluid from the chest, and 
the presence of an abscess of the lower part of the right lung, as revealed 
by Roentgen-ray examination. 

March 13: A rib resected and drainage instituted. 

March 14; There was considerable drainage with a foul odor. 

March l!i: The condition was the same. 

March 17 : The condition was the same. Thirty cubic centimeters of a strep- 
tococcus bacteriophage were injected into the cavity. 

March 18; There was a large amount of drainage. The odor was not so bad. 

March 19; There was a small amount of drain^e and hardly any odor. 

March 20: Thirty cubic centimeters of bacteriophage were injected into the 
cavity.- There was little discharge and no odor. . 

March 21 : The condition remained the same. 

March 22: There was practically no discharge and no odor. 

March 23: There was no discharge. Twenty-five cubic centimeters of bac- 
teriophage wore injected into the cavity. 

March 25: The patient was discharged from the hospital. He said that he 
“felt fine.” 

May 15; The patient returned and said that he had felt perfectly well since 
leaving the hospital. 

Needless to say, the conditions under which the bacteriophage niay 
be used in streptococcus infections, and the lunitations as regards re- 
peated administration, are the same as in the case of staphylococcus 
infections. 

8. BACTERIOPHAGE THERAPY IN BUBONIC PLAGUE 

In 1920, while in Indo-China, I isolated several races of the bacterio- 
phage virulent for B. pesHs. One race, in particular, derived from a 
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specimen of rat excreta collected at Bac-Lieu after an epidemic of plague, 
possessed from the begbming a high virulence (+ ++), which became 
very high indeed (++ ++) at the second passage with a strain of 
B. pestis. 

In order to determine the toxicity of the Pestis-bacteriophage a 
guinea pig was injected subcutaneously with 1 cc. of the filtered sus- 
pension. . There was no apparent disturbance. I then injected 1 cc. 
subcutaneously into my own arm. The general reaction was practically 
negative,— perfectly normal sleep during the following night, a slight 
headache in the morning which disappeared immediately after taking 
1 gr. of aspirin. The local reaction, which lasted for 48 hours, con- 
sisted of a slight edema, and the point of injection was somewhat tender. 
In all respects, the reaction to the filtrate was definitely less marked 
than that following an injection of heat-killed cultures of R. pestis. 

As a result of this test' I felt warranted in attempting to use the 
Pestis-bacteriophage in , the treatment of plague in human beings. 
Unfortunately, I had succeeded in isolating races of the bacteriophage 
highly virulent for B. pestis only a very short time before my departure 
from Indo-China, so that it was impossible for me to make the desired 
tests.. I gave Dr. Galinier, Colonial Physician at Phantiet, where 
plague is endemic, a dozen ampoules of the bacteriophage, asking him 
to inject, subcutaneously, I cc. of the suspension into some patients 
with bubonic plague. Shortly after my return to Paris I received a 
cablegram, requesting that, in view of the excellent results secured, I 
send him more of the suspension. Having learned in the meantime 
that he had received instructions to injecl. anti-plague serum conjointly 
with the bacteriophage I did not think it wise to continue the tests 
under these conditions. 

As though to provide the material needful to reaching a conclusion 
on this question of bacteriophagic treatment in plague, there have ap- 
peared, just as I am writing this present chapter, three cases of plague 
on board a steamship here in the port of Alexandria. These three 
patients were removed to the hospital of the Quarantine Station, where 
I have been able td treat them. A few days later a fourth case was 
= discovered and removed from another ship. 

The suspensions used for the treatment were prepared in the following 
manner: To 10 cc. of a culture of B. pestis in bouillon, 24 hours old (pll 
of the medium, 7.6; incubation at 32°C.) were added 3 cc. of fresh bouil- 
lon, and this was then inoculated with 0.02 cc. of a bacteriophage sus- 
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pension having a very high virulence (++++) for B. peatis.* This 
race of the bacteriophage is the one which I isolated from the excreta 
of the rat at Bac-Lieu in Indo-China, and since its isolation it had under- 
gone about 100 passages. After 20 hours incubation at 37°C. bacteiio- 
phagy was complete. The clear liquid was filtered in the morning and 
the patients were inoculated a few hours later. 

In each of the four cases the sole method of treatment was the in- 
jection of the bacteriophage, given directly into the bubo. The results 
arc presented here in some detail. 

Case 1. Georges Cap 18 years old. On July 10, 1925, 

he complained of fever, lassitude, vertigo, headache, and examination 
showed a bilateral tonsillitis. On the following day his condition 
became worse, lluring the night of the 11th and 12th the crural gland 
on each side swelled. lie was brought to the^hospital on July 12th. 

Some of the material from the bubo on the left side was removed, 
and direct examination of smears showed cocco-bacilli with bipolar 
staining. ITie cultures which later developed from this material yielded 
pei-fcctly characicrislic B. pcalia, which were agglutinated by a known 
anii-plague serum. An inoculated guinea pig died after 68 hours, 
showing the lesions characteristic of experimental plague. ' 

On July 18th, at 2 p.m., the patient had a temperature of 40.3‘’C., 
the pulse was 130, the face was congested, the eyes were injected and 
drooping, and prostration was extreme. The two buboes were of the 
size of nuts, and painful when pressed. I gave an injection of 0.5 cc. 
of I’estis-bacteriophage into each of the two buboes, the needle being 
introduced to about the center of the bubo. Apparently the injections 
caiused no pain, since the patient showed no reactions of defense. 

At 8 p.m., of this same day there was some sweating of the axillae 
and the forearms. 

On the morning of the 14th the condition of the patient was completely ’ 
changed, lie stated that he felt weak, but that he was not in pain and 
felt well. The buboes were somewhat painful and had slightly increased 
in volume. 

On the I5th he sat up in bed; and on the 16th he begged for fo6d. 

On the 16th the buboes had increased in size to that of a small hen’s 
egg, but they were not painful. Puncture of the left bubo with a 
syringe permitted the withdrawal of a few drops of bloody fluid. Direct 

* B. j)estis, as has lieen stated, is a very homogeneous species as regards the 
bacteriophage. All of the strains which I have tested, laboratory cultures as 
well as strains freshly isolated from buboes, have showed practically the sains 
susceptibility. 
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examination showed nothing in the way of organisms, and the culture 
made from it failed to yield a gro^vth. Some of it was inoculated into 
a guinea pig, and the guinea pig is still alive as this is written (10 days 
later). The aspirated material, examined for bacteriophage, showed 
that it was present, with a very high virulence for B. pestis (+ + ++)• 

On the 25th both of the buboes were incised very freely. Both 
contained some purulent material. By August 8th healing was com- 
plete, a fact of some interest in that, as we know, usually in such cases 
the healing process is very slow, sometimes requiring a month. 

The curve showing the temperature of this patient is here given 
(chart 22), and it may be said, that here, as in the other three cases, the 
temperature changes closely parallel the general condition of the patient. 
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Chabt 22. Geobobs Cap Bubonic Pbaqub 

Treatment consisted in a single injection of Pestis-bacteriophage 

Case 2. Nicolas Sw ,40 years old. Second OflSicer. 

^ The crew and passengers of the steamship, having been disembarked 
at the Quarantine Station, four sailors, under the command of tliis 
officer were left on board. During the night of July 12th and 13th, 
he was taken with fever, chills, and had a frontal headache. On the 
morning of the 13th he was transferred to the hospital. At 2 p.m. of 
this same day he had a temperature of 40.2°C., a pulse of 124, irregular 
with skipped-beats, the conjunctivae were injected, and he was markedly 
prostrated. The right crural gland was swollen, painful, and of the 
size of a nut. Some of the material from the gland was removed for 
bacteriological examination. In view of the clear-cut symptoms, as- 
sociated with the presence of a previous case of plague, 1 cc. of bac- 
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teriophage suspension was injected directly into the center of the bubo 
without awaiting the result of the laboratory findinp. 

The results of the bacteriological examination, subsequently reported, 
were that the material from the bubo examined in direct smear revealed 
cocco-bacilli with bipolar staining; that cultures gave organisms having 
the characteristics of B. pestis, agglutinable by an anti-plague serum, 
and that a guinea pig inoculated with some of the material died 78 
hours after the injection, presenting the lesions of experimental plague. 

The injection of the bacteriophage did not cause any reaction. The 
patient passed a good night. On the next morning his condition was 
completely changed. Like his companion who had been inoculated at 


@ 



Chabt 23. Nicholas Sw Bubonic Plagcb 

Treatment consisted in a single injection of Pestis-baeteriophage 

the same time, he declared that he felt well, but rather weak. Hia 
temperature was 38.4°C., his pulse 82, but still irregular. The 
was slightly increased in ske, but was hardly painful at all, it requiring - 
a strong pressure to cause the patient to complain. 

Improvement was still more marked on the next day, but the pulse 
had not regained its regularity. 

On the 16th, the patient, a \'igorous man, demanded vehemently 
that he be given a substantial meal. 

ITie curve showing the course of the temperature is here given 
(chart 23). 

On the 16th some of the material from the bubo was aspirated, and, 
as in the preceding case, the bloody fluid showed nothing upon direct 
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examination except some red blood cells and some polymorphonuclear 
cells, about 1 to every 40 red cells. Plantings made upon media re- 
mained sterile. Guinea pigs inoculated have lived for 10 days — up to 
the present time. To the bouillon implanted with the material, which 
had remained sterile, I added a suspension of B. pestis (the strain isolated 
from the patient 3 days previously) and bacteriophagy was complete in 
20 hours. 

After two passages, the race of bacteriophage derived from the bubo 
caused a complete dissolution in 6 hours. In this case also, the bubo 
was opened on the 25th. Only a few drons of bloody fluid were found: 
there was no pus. The incisions had healed completely on August 5th. 

Case 3. Theodoro Cass cabin-boy, 16 years old. 

On the 12th of July he presented the S 3 nmptoms of a febrile gastric 
disturbance, and on this same day he was isolated in the hospital. 
His condition grew worse on the evening of the 14th. 

On the morning of the 15th the pulse was irregular at 126; the tem- 
perature was 39.4°C.; the conjunctivae were injected; and there was a 
marked prostration. During the night a swelling of the right sub- 
maxillary gland developed, it becoming the size of a hazelnut, and was 
painful when pressed. 

Material aspirated from the gland revealed cocco-bacilli in direct 
smears. Cultures from the material gave typical B. pestis, and a guinea 
pig inoculated with it died 56 hours later with all of the lesions char- 
acteristic of experimental plague in this animal. 

On the 15th, at 3 p.m., I injected 1 cc. of the bacteriophage suspension 
directly into the center of the swollen gland. 

On the morning of the 16th, all of the symptoms, with the exception 
of the bubo, had disappeared. The patient was lively, and was sitting 
up in bed when I made my visit. His temperature was 37.2°C.; the 
pulse 70. He stated that he had felt no ill effects as a result of the in- 
jection and that he had slept well. I had requested the attendants to 
watch him closely throughout the night and they confirmed his state- 
ment — they had observed no evidence of a reaction, no sweating and no 
restlessness. A few hours after the injection the patient had told them 
that he felt better and that he was going to sleep. When he woke up 
he told them that he was well. 

Considering the nature of the disease, and the serious condition of the 
three patients, I had feared that there might be a marked general re- 
action as a result of the in vivo bacteriophagy of the plague bacilli. But 
absolutely nothing of the kind occurred. There was not even a local 
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reaction, for 16 hours after the injection, in all cases, the bubo was less 
painful. 

On the morning of the 18th, as with the preceding -cases, 60 hours 
after the inoculation, I withdrew some of the material from the gland. 
Direct examination, culture, and guinea pig inoculation, all showed that 
the contents of the bubo were sterile. A suspension of plague bacilli, 
added to the bouillon which had shown no growth, failed to develop 
and were completely bacteriophaged in 7 hours. 

The bubo absorbed slowly. On the 8th of August it was still as large 
as a pea. 



CiiAKT 24. THfiouoKo Cass Bubonic TiiAOus 

Treatment consisted in a single injection of Pestis-bacteriophage 


The temperature curve is given (chart 24). 

Case 4. A. Stell 32 years old. Steward. 

During the morning of July 25, while still ai, sea, the patient was taken 
with fever, chills, headache, and had a swelling in the region of the groin. 
On the forenoon of July 27th the ship arrived at Alexandria, and at the 
time of the Quarantine Service inspection the patient had a temperature 
of 40°C., the eyes were injected, and the tongue was dry and brownish. 
The prostration was marked. The patient could speak only with 
difficulty. The pulse was 120 and irregular. In the right groin there 
was a bubo about the size of a nut and very painful. 

At 4 o’clock in the afternoon I removed some of the contents of the 
gland, and bacteriological examination later confirmed the diagnosis of 
bubonic plague. Immediately after the removal of the material from 
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the gland I injected into the bubo 1 cc. of a suspension of bacteriophage 
virulent for B. pestis. This treatment was given, therefore, about 60 
hours after the onset of the disease. 

On the 2Sth the bubo was much less painful, and there was a slight 
fall in the temperature. The general condition of the patient appeared 
somewhat better, but from the manifest disturbances in the heart 
action there seemed to be a severe toxemia. Camphorated oil was 
injected and sparteine was administered. 

On the 29th the temperature again rose and the patient became 
delirious. The tongue was dry and brownish. The condition ady- 
namic. The pulse was weak, 1 10 beats per minute, with a pause between 
every three or four beats. At 4 o’clock in the afternoon I gave a second 
injection into the bubo, 1.5 cc. of the bacteriophage suspension being 
given. 

On the morning of the 30th the condition of the patient was much 
better. While on the previous evening the case had seemed hopeless, 
in the morning the patient was stronger, the temperature had fallen, 
the pulse was 92, and the irregularities occurred about every 15 beats. 
By evening the improvement was still more marked. The pulse was 
76 and the pauses in the beats occurred only about once in 25 beats. 

On the 3l8t the patient was bright and the general condition was good. 
Pulse 80, of good quality and regular. 

Throughout the following days the improvement continued. 

On August 2nd, at about 5 p.m., the patient complained of a pain in 
the left groin. On the 3rd the left crural gland was swollen to the size 
of a small nut. The gland was aspirated and a few drops of pus were 
obtained. Direct examination showed only polymorphonuclear leuco- 
cytes with a few coccobacilli with bipolar staining. Seedings of this 
material in broth and on agar remained sterile. A guinea pig inoculated 
with the material showed no evidence of infection up to 8 days later. 
The bouillon which had been implanted and which had remained without 
growth was seeded after 48 hours with a B. pestis culture. Bactcri- 
ophagy was complete in 8 hours. It is of interest to note that the two 
inoculations of bacteriophage had been made into the right bubo, and 
that nothing had been injected into the one on the left side. 

On the 8th of August this bubo had in large part been absorbed. 
Chart 25 gives the curve showing the fluctuations in the temperature 
of this patient. 

In 1921 I published the observations on 5 patients affected with 
bacillary dysentery which I had treated by the ingestion of the bacterio- 
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phage. I concluded that 5 cases were obviously inadequate to permit 
me to state that phagotherapy represented a specific treatment for this 
infection, but that what had been observed warranted me in thinking that 
it might be so. Four years have elapsed since then; the treatment of 
some tens of thousands of cases has shown that my beliefs were well- 
founded. 

These four cases of plague which I have just had an opportunity to 
treat justify me, I believe, in repeating what I said in the case of bacil- 
lary dysentery, namely, that bacteriophage treatment may be a specific 
therapy for the disease. 


A. Stall Bubonic Plajite I 
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Chart 25. A. Stbli, Bubonic Plaoub 

Treatment: Two injections of Festis-bacteriophage 


Since B. pesiis, like B. dysenteriae, is a very homogenous species as 
regards bacteriophagy, it will be possible to use, as I did in the four 
cases reported above, a “stock-bacteriophage,” without the necessity 
of preliminary laboratory tests. On the basis of the results reported 
above, admittedly few, I would recommend that injections be made 
directly into the bubo; tliat a dose of 2 cc. be given; and that the treat- 
mmi he given as promptly as possible. Inasmuch as the injection of 
bacteriophage virulent for B. pestis is absolutely harmless even if it is 
later discovered that the diagnosis was wrong, it is unnecessary to await 
a report from the laboratory. When a case of suspected plague is en- 
countered the proper procedure is first to remove some material from 
the gland for later examination (wherever this is possible) and then 



676 


THE BACTEKIOPHAOE AND ITS BEHAVlOB 


immediately after this removal to inject the suspension of bacterio- 
phage. Needless to say, the bacteriophage injected should he of maximum, 
or at least very high (+ + ++) virulence. 

If the temperature shows a progressive fall after this initial injection 
I would advise that no further treatment be given. But if the tem- 
perature still remains high on the day following the first treatment, a 
second injection should be given, and, if necessary, a third on the next 
day. If, as was the situation in Case 4 reported above, after the tem- 
perature shows an initial fall it again rises, make a second injection. 

If buboes arc not present, as in the case of septicemic or pneumonic 
plague, intravenous injection of the bacteriophage should be tried. 
From the nature of the effects observed in the few patients which I have 
treated it would seem that, aside from the bacteriophagy which occurs 
in vivo due to the inoculated bacteriophage, the injection of the sus- 
pension exerts an antitoxic effect. I have already called attention to 
this same fact in connection with the injection of suspensions developed 
at the expense of B. dysenteriae Shiga. 

9. APHTHOUS FEVER 

It may not be out of place to mention here the studies of Meier^^® 
on aphthous fever, although it has not been demonstrated that the 
bacteriophage is definitely responsible for the results. 

Impressed by a number of resemblances between what I have de- 
scribed in connection w'ith immunity in barbone of the buffalo and what 
he had observed in aphthous fever, Meier undertook the studies indi- 
cated below. He procured some of the excreta from a cow which had 
had aphthous fever and which appeared to be recovering and from this 
he prepared a filtrate. A few cubic centimeters of this filtrate were 
injected into cows which were already infected and definitely sick and 
into other animals which presented suspicious symptoms of the disease. 
The results were decisive — the sick animals recovered quickly, the 
suspected ones failed to develop the disease. 

Furthermore, the curative effect showed the features of a serial action. 
Thus, the sick cows inoculated with the initial filtrate derived from the 
naturally convalescent animal recovered promptly (within a few hours 
(4) in some cases). Twelve hours after the inoculation he collected 
feces from these treated cows (incidentally, during this period the char- 
acter of the feces had changed, both in consistency and in color) and 
prepared fresh filtrates. These also had a curative effect, causing a 
very prompt improvement in condition when injected into sick animals. 
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Meier found that the filtrates were effective only when injected early 
in the disease; when given after the animal had been sick for some days 
the injections were without benefit, indeed, at times it appeared as 
though they aggravated the condition. 

The principle which causes recovery does not remain long in the 
intestine; after two weeks it had completely disappeared. 

Among the experiments of Meier we may mention the following. In 
a single bam there were 9 cows, one of which showed the symptoms of 
aphthous fevei*. All 9 were injected with filtrate. The sick cow re- 
covered promptly, the other 8 remained free from the disease. A 
comparable experiment made in a second barn gave the same results. 
In aU, Meier's experiments involve some 650 animals, including both 
cattle and goats. 

Such are the facts as recorded by Meier. Aphthous fever is a common 
disease with which experimental work can readily be performed, and 
it is to be hoped that these investigations will be continued and 
confirmed. 

Ri^SUM^ 

The experimental studies upon the possible utilization of the bacterio- 
phage protobe in the treatment of infectious disease, comprising already 
a very considerable number of cases, show that the use of the bacterio- 
phage — phagotherapy — represents a specific therapy for the bacillary 
dysenteries and for staphylococcus infections. 

The results obtained in a few cases of bubonic plague allow us to hope 
that it is the same for this disease. 

With respect to the other infectious diseases, the results obtained are 
encouraging, but as yet a perfected method of treatment has not been 
attained. 

CONCLUSION 

In Part Three of this text we have considered what is now known on 
the subject of exogenous immimity. Tho era of discussion is not yet 
passed, indeed the discussion is far from closed, but in the tneatitiTne 
therapy by means of the bacteriophage~-phagotherapy — is being ap- 
plied more and more extensively. Those authors, who, two or three 
years age, declared that their experience was in direct contradiction to 
mine, that they obtained no beneficial results from the use of the bac- 
teriophage, one after another reconsider their first conclusions. 

For certain diseases— bacillary dysentery, staphylococcus infections, 
colon bacillus infections— phagotherapy is becoming an established 
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procedure, and many authors consider it specific. I hope that this will 
presently be true for plague.* 

In order to properly close this text, perhaps I should draw some 
general broad conclusions. Possibly I should discuss the very material 
changes in our concepts brought about by our knowledge of the bacterio- 
phage protobe and bacteriophagy, particularly in that which concerns 
pure Biology and in that which deals with Immunity. I deem it best, 
however, to refrain from discussing these phases of the subject that this 
text may not be unreasonably lengthened, for if we were to enter into this 
field a second volume would be necessary. It so happens, indeed, that 
these are precisely the general considerations which have been made the 
subject of a recently published book, — ^^Immunity in Natural Infecti- 
ous Disease,' —to which I would refer the interested reader. 

♦ As was remarked some two years ago by an English medical journal, in the 
prophylactic and therapeutic use of the bacteriophage there is a vast held for 
commercial exploitation. This has already begun. I can not witness it without 
apprehension, and it is very desirable that commercial products be very rigidly 
controlled. It would be far better if scientific Institutes, following the example 
of the Institute Oswaldo Cruz, would prepare the suspensions of the bacteriophage 
destined for use as a therapeutic agent. 

Too often, commercial firms mislead both physicians and the public by clever 
quotations (clever in the sense that they avoid conflict with the law) tending 
to make it appear that such and such a scientist supervises their products, or 
even controls them. 1 now declare that I am, and always will remain, a stranger 
to all commercial enterprises. I may go even further in this direction and state 
that every time that I have treated a patient it has been done solely from a 
scientific motive. 
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Sans Tache 

I N THE “elder days of art” each artist or craftsman enjoyed the 
privilege of independent creatio;i. He carried through a proc- 
ess of manxifacture from beginning to end. The scribe of the 
days before the printing press was such a craftsman. So was the 
printer in the days before the machine process. He stood or fell, as a 
craftsman, by the merit or demerit of his finished product. 

Modem machine production has added much to the worker’s produc- 
tivity and to his material W'elfare; but it has deprived him of the old 
■Ofeative distinctiveness. His work is merged in the work of the 
team, and lost sight of as something representing him and his 
•fiersonality. 

Many hands and minds contribute to the manufacture of a book, in 
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in the making of a book: The type must first be set; by the monotype 
method, there are two processes, the “keyKiarding” of the MS and 
the casting of the type from the perforated paper rolls thus produced.® 
Formulas and other intricate work must be hand-set; then the whole 
brought tpgether (“composed”) in its true order, made into pages 
and forms. The results must be checked by proof reading at each 
stage. Then comes the “make-ready” and press-run and finally the 
binding into volumes. 

All of these processes, except that of binding into cloth or leather 
covers, are carried on imder our roof. 

The motto of The Williams & Wilkins Company is S>ans Tache. Our 
ideal is to publish books “withoiU blemish ” — worthy books, worthily 
printed, with worthy typography — books to which we shall be proud 
to attach our imprint, made by craftsmen who are willing to accept 



open responsibility for their work, and who are entitled to credit for 
creditable performance. 

The printing craftsman of today is quite as much a craftsman as his 
predecessor. There is quite as much discrimination between poor 
work and good. We are of the opinion that the individuality of the 
worker should not be wholly lost. The members of our staff who 
have contributed their skill of hand and brain to this volmne are: 

Composing Room: Andrew Rassa, William Koch, George Behr, Austin IJhlsnd, 
John Crabill, Harry Harmeyer, Ernest Salgado, James Jackson, Edgar Sim- 
mons, Richard King, Nathan Miller, Walter Phillips, Herbert Leitch, Ray 
Kauffman, Anthony Wagner, Charles Wyatt, William Fite, James Armiger, 
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JhlllS. 

Proof Room: Sarah Katzin, Alice lleuter, Mary Reed, Ruth Trieshman, 
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